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A molecular motor is composed of a single molecule or several molecules, yet is able to 
move directionally in an isothermal environment. To date several types of biomolecular 
motors have been discovered from biology, and a few types of artificial motors have been 
synthesized in laboratory. The science behind the biomolecular motors remains largely 
unclear, and the artificial ones are still far poorer in performance than the biological 
counterparts. This thesis studies thermodynamics and mechanics of molecular motors in 
the hope of revealing their physical mechanisms. 
      In the thermodynamic study, the relation between a motor’ performance and energy 
consumption is studied. A general kinetic representation of molecular motors is 
introduced and the concept of entropy production is applied. The 2
nd
 law of 
thermodynamics sets an energy price for directional motion in an isothermal environment. 
To quantify the direction of motion, a new quantity directionality is defined. The least 
energy price for microscopic direction is derived. This theoretical prediction is proved by 
experimental data of two bio-motors, kinesin-1 and F1-ATPase, for fuel-induced motion 
and external force-induced motion. Based on the least energy price, a thermodynamic 
theory of molecular motors is formulated. While the 2
nd
 law of thermodynamics decides 
the efficiency limit of macroscopic heat engine, it is unclear whether the 2
nd
 law remains 
a primary constraint on efficiency of molecular motors. Based on experimental data of 
x 
 
kinesin-1 and F1-ATPase, the efficiency limit of molecular motors is formulated and 
directionality is identified as the key parameter to access the limit. Moreover, a 
generalized efficiency is defined. Experimental data show that the generalized efficiency 
is a load-independent constant for F1-ATPase and kinesin-1, which suggests its relevance 
to molecular motors at any load. Thermodynamic limits of molecular motors based on 
this quantity are studied. Kinesin-1 is found to work at generalized efficiency at 
maximum generalized power, while F1-ATPase has an ideal efficiency-speed trade-off 
that enables it to maintain ~ 100% efficiency and a workable speed simultaneously. 
      Mechanical study of two specific motor systems is conducted to explore their 
molecular mechanisms. First, a molecular mechanical model for bio-motor Kar3/Vik1 is 
constructed, and a molecular fishing mechanism is identified. Second, an artificial 
molecular motor is designed to implement the fishing mechanism. Two complementary 
effects, position-selective foot detachment and biased forward binding, emerge from the 
motor’s intrinsic mechanics. Third, thermodynamics of the motor is systematically 
optimized based on a mechanical modeling. The artificial motor’s directionality can be 
optimized simultaneously for any load by adjusting the motor’s physical construction 
regardless of external operation. A speed-directionality trade-off is found, which may be 
attributed to an entropy crisis. All these results are consistent with the general 
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1.1 The physics perspective on molecular motors 
A molecular motor is usually composed of a single molecule or several molecules and 
performs directional motion. Molecular motor research is a relatively new field. The very 
early interest in a motor of an extremely small size can be traced back to 1959, when 
physicist R. P. Feynman gave a talk titled “There’s Plenty of Room at the Bottom” at the 
annual meeting of the American Physical Society. In his talk, he raised a question closely 
related to molecular motors: “What are the possibilities of small but movable machines?” 
Roughly at the same period, a molecular motor called myosin was discovered in muscle 
organisms, which provided a molecular basis for muscle contraction [1-7]. Since then a 
long list of molecular motors has been identified from biology. Besides, molecular 
motors are potentially important to the emerging nanotechnology, and a lot of efforts 
have been made to fabricate artificial molecular motors in laboratory. To date a few types 
of artificial molecular motors have been successfully synthesized, though their 
performance is still far poorer than that of biological counter-parts, which have already 
existed for millions of years. 
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      A top priority of molecular motors research is to understand their physical 
mechanisms. The history of steam engine seems to offer a parallel to molecular motor 
research today. The most important improvement of steam engine came in late 18
th
 
century in Scotland when James Watt introduced a separated chamber apart from piston 
to condense steam, which promoted the engine’s efficiency for heat-to-work conversion. 
After Watt, a Frenchman Sadi Carnot started to seek limit of heat engines. He proposed a 
general and idealized model of heat engines, which is known as Carnot’s cycle today. He 
found that the best possible efficiency of heat engines was limited by temperature of the 
two reservoirs between which it is operated, namely η = 1−T1/T2 [8]. The Carnot’s limit is 
closely related to the nature of heat, and later led to the 2
nd
 law of thermodynamics at the 
hand of Clausius and Kelvin.  
      Likely, thermodynamics is also crucial in deciding the working mechanisms and 
performance of molecular motors, although their small size normally renders an 
immediate environment of uniform temperature and relatively strong thermal fluctuations. 
The 2
nd
 law of thermodynamics requires that in an isothermal environment any sustained 
directional motion must dissipate energy and increase the overall entropy. Identifying 
thermodynamic limits for directional motion of molecular motors is a main part of this 
thesis. For this purpose, analyses on experimental data of high-performing biological 
motors and theoretical formulation are especially necessary. Below we will review 





1.2 Bio-motors: kinesin-1 and F1-ATPase as examples 
Since the discovery of muscle myosin, several types of biological motors have been 
identified [9, 10], including myosin derivatives [11-13], kinesin [14], dynein [15-17], 
FoF1-ATP synthase [18] and helicase etc. Today, each type represents a big group of 
proteins, which are further calssified into multiple protein families (e.g. kinesin have 14 
families [19], from kinesin-1 to kinesin-14). Among these motors, myosin, kinesin and 
dynein are bipedal walkers, and cytoskeletons serve as their tracks [6]; they are 
responsible for intracellular vesicle transport [20, 21] and for dynamic control of 
cytoskeleton [22] during muscle contraction [6], cell division [23-25] and cell migration. 
FoF1-ATP synthase is a rotor synthesizing ATP molecules which are the common energy 
source for most of biological processes. F1-ATPase is a part of FoF1-ATP synthase, 
which interacts with ATP. Helicase mainly interacts with DNA and manipulates DNA. 
Experiments demonstrate a superior performance of kinesin-1 and F1-ATPase, thus they 
are chosen as the targets of thermodynamic analysis in this thesis. Details of the two 
motors are discussed below. 
 
1.2.1 Kinesin-1 
In 1985, the first member of kinesin families was discovered in squid, which is kinesin-1 
[14]. From then on, kinesin-1 becomes a target of intensive research because it is the 
smallest biped discovered in biology, yet capable of impressive performance. Under 
physiological condition, it moves about 100 steps (each step is ~ 8 nm [26]) in one 
second along its track [27-30]. When attaching to a track, it moves persistently over a 
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distance about 1 μm (~ 100 steps) before it derails from the track [31]. When moving, it 
resists a force as large as 7 pN [27-29], and its maximum energy efficiency is about 60 ~ 
70 % (the energy input for one step is about 20 ~ 23 kBT). Kinesin-1 maintains nearly a 
single direction during its movement when no load is attached: only 1 backward step in 
1000 forward steps on average [28] (forward direction refers to minus end of the track). 




Figure 1.1 Illustration of kinesin-1 walker. The bipedal walker is kinesin-1, composed of two heads (red 
balls) and a necklinker (blue chain). The tubule-shaped track is microtubule (only a small length of 
microtubule is shown), composed of 13 tubulin filaments. α and β denote the two basic units (α-tubulin & 
β-tubulin) which compose a tubulin filament by self-assembly. Microtubule is asymmetric. ‘+’ and ‘−’ 
denote the plus end and minus end of the track. ATP is the fuel molecule supplying energy to the walking 
of kinesin-1; ADP and Pi are the waste after fuel is consumed.  
      Kinesin-1 is a bipedal walker which is dimerized by two identical protein monomers 
(Fig. 1.1). The two heads of the motor, which are similar to the two feet of man, are 
connected by two soft peptide chains called neck-linkers. Kinein-1 moves along its track 
(microtubule) in a hand-over-hand fashion, just like man’s walk [32]. Both of the heads 
are able to hydrolyze ATP [33] to supply energy for the motion. However, the two heads 
do not hydrolyze ATP independently, but act cooperatively with each other [34, 35]. 
Specifically, when only one head attaches to the track, the other free head always moves 
toward the forward direction (plus end of microtubule) and binds to the track. The 
binding bias is induced by a so called zippering effect, powered by the binding of ATP to 
the attached head [36, 37]. When both heads attach to the track, the rear head always 
detaches from the track first, powered by the energy from phosphate (Pi) release. The 
detaching bias is induced by an ATP-gating mechanism [38, 39]. The cooperation 
between the two heads realizes a highly ordered pattern of energy consumption, and 
further leads to the good performance of kinesin-1, especially the single direction of 
motion. The relation between the motor’s performance and its energy consumption 
during the working processes is relevant to the thermodynamics of kinesin-1. Moreover, a 
lot of experimental data about performance of kinesin-1 have been reported [27-29, 40-





Figure 1.2 Illustration of F1-ATPase inside F1Fo-ATP synthase. F1Fo-ATP synthase is composed of a 
stator (red, ab2α3β3δ), and a rotor (blue, c-ring γε) which is usually inside membrane (yellow). The rotor 
will rotate while the units of α3β3 are hydrolyzing ATP. F1-ATPase refers to the units of α3β3γ. 
F1Fo-ATP synthase is the enzyme that manufactures ATP from ADP and Pi using the 
energy stored in a transmembrane ion gradient. ATP molecules are fuels for most of 
biological processes, thus F1Fo-ATP synthase is a vital device for life. It is composed of 
a stator and a rotor, which are made of many protein units (Fig. 1.2). When an ion flow 
goes across the membrane through a unit (Fig. 1.2), the rotor is driven to rotate towards 
one direction, and simultaneously ATP molecules are synthesized on the α3β3 unit of the 
stator, using the energy transmitted through the rotation of γ unite [18]. For one cycle of 
7 
 
rotation, about 12 ions will go across membrane and 3 ATP will be synthesized. 
Conversely, when ATP is hydrolyzed on the stator, the whole process will be reversed 
and the rotor will rotate in an opposite direction. In this thesis we only focused on a part 
of the synthase, which is α3β3γ, known as F1-ATPase. 
      F1-ATPase is a rotary motor. When hydrolyzing ATP, γ unite will rotate directionally. 
Experiments show an amazing efficiency of F1-ATPase (~ 100%), while the speed of the 
rotor is not low [45-48]. How the motor realizes the good performance is puzzling. 
Similar to kinesin-1, all the three β units hydrolyze ATP. However, when working the 
three units do not hydrolyze ATP independently. In a cycle of rotation, 3 ATP molecules 
will be hydrolyzed sequentially by the three β units. The energy in ATP is released in a 
highly ordered pattern, which is achieved by the cooperation between the three β and the 
three α units [48]. The highly ordered energy consumption probably contributes to the 
high efficiency of F1-ATPase.  
 
1.3 Status quo of artificial molecular motor research 
Three types of artificial molecular motors, including shuttles, rotors and walkers, have 
been fabricated in lab. The three types represent three basic styles of motion for machines: 
linear shuttling, rotating and processive walking. At present, most of molecular shuttles 
and rotors are fabricated from chemically synthesized molecules [49, 50], and their 
motion is driven by either chemical reactions or light. The shuttles have at least two 
different configurations, and each is associated with certain chemical or light at certain 
frequency in the environment. The shuttles perform sustained shuttling motion while 
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chemicals or lights are changed alternately, thus they are controlled manually by the 
external driven forces (chemicals and lights), and in fact are not autonomous motors like 
kinesin-1 and F1-ATPase. Besides, shuttling is the simplest style of motion for machines, 
and its degrees of freedom are limited in a localized setup. For real applications the 
shuttling must be transformed into rotating or processive moving, just like macroscopic 
heat engines, in which the shuttling of piston is transformed into the rotating of wheels 
and finally into the processive motion of a train. The molecular shuttles have been 
successfully extended into rotors [51-54], and the rotors are driven in same ways of the 
shuttles. 
      Artificial molecular walkers are inspired by biological motor proteins. Different from 
shuttles and rotors which are localized setups, walkers [55-66] are able to produce long-
range directional motion along their tracks. All the demonstrated artificial walkers to date 
are based on self-assembled DNA systems, except for one fabricated using chemically 
synthesized molecules [63]. These walkers all successfully displayed directional motion 
along their tracks. Based on the walkers, some applications like nanoscale assembly line 
have been developed in laboratory [67-69]. The early generation of the walkers [55, 56] 
are driven by addition or removal multiple species of DNA molecules in environment, 
which are similar to molecular shuttles and rotors. Besides, many walkers [58-60, 62, 65, 
66] depend on the strategy called burn-the-bridge to move directionally. After the 
walkers’ passage, the tracks behind them are damaged and cannot be reused. Therefore, 
these walkers are more like particles driven by a long-range gradient than autonomous 
motors. Unlike the walkers above, another two examples demonstrated reusable motor-
track systems. One consumes a designed fuel instead of the track to generate motion [61]. 
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The other one is implemented by our lab from a synergic mechanism [70]. It is driven by 
light and successfully displayed directional motion in experiment [71].  
      At present, the performance of reported artificial motors is several magnitudes lower 
than biological motors. The inner working mechanisms of these artificial molecular 
motors are likely far inferior to the biological motors.  
 
1.4 Theories of molecular motors 
1.4.1 Brownian motor theory 
A molecular motor displays self-induced directional motion, which is related to non-
equilibrium thermodynamics. Before molecular motors are known, non-equilibrium 
transport effects have had attention of physicists since long. In the book theory of heat, 
Maxwell proposed that in a vessel divided into two portions, a being who can control the 
passage of air molecules though a hole in the division is able to produce a temperature 
difference between the two portions. The being is known as Maxwell demon. In 1912, 
Smoluchowski studied a ratchet effect in a Gedankenexperiment. He showed that a single 
heat bath cannot drive directional motion in a spatially asymmetric system [72]. Later, 
Feynman took a step forward on the topic. In his textbook Lectures on Physics, he 
showed that for a pair of ratchet and pawl, if their temperatures are different, the ratchet 
may rotate directionally. Under this background and the discovery of motor proteins, the 
Brownian motor theory was gradually established [73-76]. In 1993, a theoretical study by 
Magnasco predicted that if a particle in an asymmetric periodic potential is subjected to 
an external force having time correlations, it may display directional motion [77]. 
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Langevin equation was used as a major tool for describing this type of system. In 1994, it 
was shown experimentally that if an asymmetric potential field was switched on and off 
alternately, particles subjected to this field could display net directional motion [78, 79]. 
Later, a more complete theory of Brownian motor was proposed [80-82]. In the theory, if 
a single Brownian particle is operated by an asymmetric potential and a trivial flat 
potential alternately, the average position of the particle will move directionally. Based 
on physical principles, the theory elegantly demonstrates how a sustained directional 
motion can emerge without long-range driving.  
      However, limitations also exist. In reality, a molecular motor should be driven by the 
force generated from its internal structure (with energy input), just like a running car 
which is powered by the burning gas inside its engine. All the biological motors work in 
this way [10]. But in general, the Brownian motor is still one particle driven by an 
external field, and just because of this, any internal structure is not necessary. Thus, at 
this stage the theory represents molecular motors to a limited degree. Some studies have 
extended the theory from single particle to multi-feet walkers [83-87]. Such walker 
theories provided some physical understanding of the emergence of directional motion, 
but they are not able to fully address the emergence of feet coordination, which is often 
introduced by hand in order to reach a good performance like bio-motors’ [83-85, 87]. 
Besides, molecular motors need an energy input to generate directional motion. For the 
Brownian motor theory, the energy cost is supplied by the switching operation between 
the two potentials. Artem and Wang’s study shows that for each operation, no more than 
50% of the Brownian motors will move one step forward, suggesting a low energy 
efficiency for Brownian motors [88]. Other studies on energetics of Brownian motors 
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show a similar low efficiency [89-91]. In summary, the Brownian motor theory 
successfully provided a simple mechanism to produce directional motion without any 
long-range driving. But the present form of the theory represents real motors to a limited 
degree, and the energy efficiency seems not as high as biological motors. 
 
1.4.2 Cycle kinetics and thermodynamics 
Kinetic methods are widely used by chemists to analyze chemical reactions. Usually, a 
chemical reaction can be described by a diagram, in which different states of substrates 
and products are connected by transitions. In physics, a similar method was used in the 
early electrical circuit study, such as Kirchhoff’s circuit law. Einstein applied a kinetic 
method in his work about stimulated emission, which led to the invention of lasers. 
Master equation is a formulism of kinetic method, which is very useful for solving 
problems in non-equilibrium systems. 
      Non-equilibrium thermodynamics is still being exploited though some quantitative 
relations have been obtained, such as Onsager reciprocal relations in near equilibrium 
situations [92] and Jarzynski equality [93, 94]. Thermodynamic analysis based on kinetic 
methods is particularly useful to studies of molecular motors that are enzymes catalyzing 
fuel reactions. Schnakenbery analyzed behaviors of non-equilibrium systems based on 
the master equation, and provided a definition of entropy production [95]. Hill developed 
a kinetic method on diagrams with cycles, and analyzed energetics of myosin in muscle 
contraction [96] as well as free energy transduction in transmembrane processes [97]. 
Hill’s study about cycle kinetics is important for the study of molecular motors, because 
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their inner working is always cyclic. In 1999, Fisher and Kolomeisky analyzed the force 
exerted by molecular motors based on a discrete jump model [98]. In 2000, Lipowsky 
introduced a network diagram to describe motion of molecular motors [99]. In 2001, Fox 
and Choi introduced a simple cycle diagram to analyze the motion of kinesin-1, and also 
considered Brownian motion of the motor’s head through first-passage-time theory [100]. 
Later, Liepelt and Lipowsky developed a network theory for kinesin-1’s working cycles 
[101, 102]. Consistency between experimental data and their theory was obtained. 
Wang’s group applied the kinetic Monte Carlo method to simulate kinesin-1’s working 
process from single head’s kinetics, and consistency with experimental data was also 
obtained [103-105]. In 2005, Seifert derived entropy production along stochastic 
trajectories in systems governed by Langevin equation. The Schnakenberg’s definition of 
entropy production was also reproduced based on kinetic methods [106]. Seifert’s study 
provides a good tool for analysis of thermodynamics of molecular motors [107]. Besides, 
Astumian analyzed the relation between forward-versus-backward stepping ratio and 
fuel’s affinity to front and rear head [108]. Recently Artem and Wang [88, 109] 
introduced a new quantity called directionality and found that the quantity is likely 
optimized by best performing motors like kinesin-1 and F1-ATPase. The directionality 
based analysis is an inspiration for the thermodynamic study in this thesis. 
 
1.4.3 Mechanics of molecular motors 
A motor’s molecular construction determines its thermodynamics and performance. 
Mechanics in the molecular constructions plays an important role in motors’ physical 
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mechanisms. Hence mechanical study of molecular motors will yield clues of how to 
design and fabricate a high-performance motor, and also may help to understand the 
relation between thermodynamics and performance of motors. An analysis based on 
experimental data indicated that the energy consumption rate of kinesin-1 is reduced by 
external load, and the load dependence follows a form of Boltzmann’s law [110]. There 
exists experimental evidence that the gating mechanism of kinesin-1 is a mechanical 
effect [111]. Theoretical studies of myosin-V [112, 113] showed that the mechanical 
properties of the peptide chains connecting the two heads of the motor play a crucial role 
in the cooperative motion of the two heads. An experiment also suggested that kinesin-
1’s direction of motion is generated by the neck-linkers connecting the two heads [114]. 
Two studies about kinesin-1 [103] and myosin-V [115] suggested that the free energy 
hierarchy of motor-track configurations regulates the motors’ motion into one direction, 
while the free energy hierarchy is largely determined by the mechanics of the motors. 
Besides, Kar3, A member in kinesin-14 family, associated with a catalytically inactive 
protein together move directionally along microtubule [116-120], indicating a mechanical 
coordination between them.  
 
1.5 Scientific questions and objectives of the thesis 
So far, a great deal of effort has been made to molecular motor research. With respect to 
biological motor studies, abundant experimental data are accumulated and many 
theoretical analyses were conducted, but detailed physical mechanisms are not fully 
understood. With respect to artificial motor studies, directional motion was successfully 
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displayed by motors fabricated in laboratory, but their performance is still far poorer than 
biological counter parts. Overall thermodynamics of molecular motors is only understood 
to a very limited degree, and few physical guidelines are in hand for designing artificial 
motors. 
      The main objective of this thesis is to study thermodynamics and mechanics of 
molecular motors. The methods of cycle kinetics and mechanical modeling are applied to 
analyze thermodynamics and working mechanisms of molecular motors. The focus is 
placed on: 
(A) the connection between motors’ performance and the underlying  thermodynamics; 
(B) mechanical mechanisms to realize high performances of molecular motors. 
      The thesis consists of eight chapters. Chapter 1 has introduced the background of the 
study and raised the main research questions. Chapter 2 studies the energy price for 
microscopic directionality and formulates a universal equality that is subsequently 
verified by experimental data. In chapter 3, the best efficiency of isothermal molecular 
motors allowed by the 2
nd
 law of thermodynamics is formulated, and the signatures 
predicted by the theory are confronted with the experiment data of kinesin-1 and F1-
ATPase. In chapter 4, two new quantities, i.e. generalized efficiency and generalized 
power, are introduced; thermodynamics limits of the two quantities for ideal motors are 
derived. The limits well characterize performance of kinesin-1 and F1-ATPase. In 
chapter 5, the mechanics of bio-motor Kar3/Vik1 is studied, and a ‘fishing’ mechanism is 
identified for the motors. In chapter 6, an artificial motor is proposed, which is a 
mechanical mimic of Kar3/Vik1. Highly directional motion is predicted from mechanical 
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and kinetic modeling. In chapter 7, systematic optimization of the artificial motor is 
performed; the optimized thermodynamics of the motor is studied. The results provide a 
case analysis to the thermodynamics findings of chapters 2, 3 & 4. Chapter 8 concludes 





Energy price of microscopic direction 
 
2.1 Introduction 
Directional motion is a basic mechanism to do work, dissipate energy and add entropy to 
the Universe: Directional motion generates work against a resisting load, dissipates 
energy into heat against friction in a viscous environment, and thereby produces entropy 
irreversibly. The 2
nd
 law of thermodynamics requires an energy cost other than the 
environmental heat to sustain direction of a moving object in an isothermal environment, 
even if no work is done. Otherwise, a load might be attached to the moving object to 
draw work from heat of the single-temperature environment. This would turn the object 
into a perpetual machine of the second type, which violates the 2
nd
 law. The price of pure 
direction must be above zero; this long-known inequality implies an ultimate boundary 
for energy utilization set by the 2
nd
 law. This is particularly true for energy utilization [53, 
70, 77, 82, 90, 91, 93, 97-99, 102, 106, 108, 109, 121-127] at microscopic scale, because 
any temperature gradient is readily leveled by heat transfer over the small dimension. 
Indeed, although the energy price equally applies to macroscopic and microscopic motion, 
defective direction is practically observable [28, 29, 54] only in the latter, implying a 
microscopic root of the price. To study quantitative relation between microscopic 
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direction and its cost, quantifying direction is the first step. In fluid dynamics, the Péclet 
number or Brenner numbers, defined as the ratio of directed drift rate to undirected 
diffusion rate, is used to quantify the direction of motion [128]. Here we introduce a 
quantity, directionality, to quantify microscopic objects’ direction of motion. Furthermore, 
we trace directional motion to elementary microscopic transitions, and derive the least 
energy price – in a universal equality – for direction induction by arbitrary induction 
mechanisms. 
 
2.2 Definition of directionality based on cycle kinetics 
Directional motion of a microscopic object in an isothermal environment can be induced 
either externally by a directional force or field, or internally by an energy-consuming 
mechanism within the object that is then qualified as a motor. Regardless of the induction 
mechanism, interactions of the moving object with the isothermal environment are 
generally quantified by a potential field in terms of free energy versus displacement of 
the object along the direction of the desired motion (called forward direction hereafter). 
The path of the object is defined by the array of traversed free-energy minima (called 
bases and marked by A hereafter) where the object, prior to any energy input, is most 
probably found during its Brownian motion according to Boltzmann’s law. The free-
energy maxima between any two neighbouring bases (called bridges, marked by B) are 
less accessible before the energy input, but their accessibility may be promoted by the 




Figure 2.1. Stochastic kinematics (A), transition representation (B), and elemental cycles (C) for an 
arbitrary microscopic object in a directional motion inside an isothermal environment. Panel A shows a 
saw-toothed periodic potential as an example for the environment-object interaction. 
      As shown in Fig. 2.1A, the object’s motion along the array of bases may be traced 
back to four types of transitions between adjacent bases and bridges, namely a forward 
base-to-bridge transition (marked by rate kAB
+
) and the reverse backward transition (kBA
-
), 
plus a forward bridge-to-base transition (kBA
+
) and the reverse transition (kAB
-
). Due to 
stochastic nature of the microscopic transitions, an energy consumption activating the 
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transitions for a forward inter-base displacement has a chance to produce a backward or 
null displacement. The all and only essence of a driven direction is the probability for net 
forward displacement per event of energy consumption. This probability is called 
directionality [88, 109], which is quantified as D = (pf  - pb)/(pf + pb + p0) with pf, pb and 
p0 being the probability for forward, backward and null displacement in a sustained 
motion. 
      To maintain a directional motion, the transitions must form self-closed cycles that 
repetitively produce inter-base displacements by rounds of energy consumption. As 
shown in Fig. 2.1A, kAB
+  kBA
+
 forms a cycle (marked by cycle flux Jc
+
, which is the 
mean rate of the cycle completions) that produces the forward displacement from one 
base to an adjacent base; kAB
-  kBA
-
 forms a cycle (Jc
-













c), which but 
produce null displacement. A direction sustainable by a stable supply of energy is 
quantified by a steady-state directionality, which is in turn decided by the steady-state 
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2.3 Least energy price for directionality 
For a periodic array of bases/bridges, an object’s motion is sufficiently described by a 
transition diagram in terms of only four doorway states of a pair of adjacent base and 
bridge (Fig. 2.1B), although the base/bridge may accommodate more states. The doorway 
states are those by which the forward moving object enters and exits a base (marked A[in] 
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and A[out]) or bridge (B[in] and B[out]). The transition diagram has four transition 
pathways linking four doorway states. As shown in Fig. 2.1C, the four cycle fluxes can 
be obtained by decomposing the transition fluxes accompanying the four transitions 



























 = pA[out] kAB
+
 is the flux 
accompanying the A[out]B[in] transition with pA[out] being the occupation probability 


































- 1). Note that the total 
entropy productions [95, 97, 106] of the object plus environment due to the net forward 









 ) (kB is Boltzmann constant). Replacing the flux ratios in D with the 
entropy productions yields   

















D .                                                                         (2.1) 
      The maximum direction by a given amount of energy input (G) is obtained by 
maximizing D in eq. 1 using the two entropy productions SAB and SBA as variables 
under the constraint of energy conservation G = TSAB + TSBA + TSAA + TSBB. 
Here T is the environmental temperature; the energy input (G) here is Gibbs free energy 
change; SAA and SBB are the entropy productions accompanying the net forward fluxes 
along the intra-bridge and intra-base transition pathways. The optimization yields the 
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maximum direction when the entire energy input is equally consumed by the two entropy 
productions, i.e. SAB = SBA = G/2T. The ensuing maximum direction is 

















GD .                                                                                (2.2) 
Eq. 2.2 has been obtained by our group’s previous research [109]. Here, we inverse eq. 
2.2 yields the minimum energy input necessary to produce a certain direction, 














ln2min .                                                                         (2.3) 
Both limits of Gmin(D) and Dmax(G) limits (eqs. 2.2 and 2.3) are singularly decided by 
the environmental temperature without any explicit dependence on induction mechanisms, 
transition rates, and geometric/energetic details of the bases/bridges.  
      If the bases/bridges are not periodic, an ensemble of doorway states for the bases 
(bridges) must be considered. The four-pathway transition diagram like Fig. 2.1B still 
applies; but each pathway contains many transitions, and its associated transition fluxes 
are each a sum over individual transitions and states (e.g. JAB
+
 is now a sum over the 
A[out] states and over the A[out]B[in] transitions). The overall D has an upper limit 
[109] that is the same as eq. 2.1 except SAB and SBA being replaced by the highest 
entropy productions by individual pairs of reverse transitions in the two base-bridge 
pathways. Multiple transition pairs of differing entropy productions invariably yield D 
below the upper limit (i.e. eq. 1) – thereby below Dmax(G) of eq. 2.2. Hence Dmax(G) 
and Gmin(D) hold for arbitrary bases/bridges. Nevertheless, periodic bases/bridges 
represent a best scenario to approach Dmax(G) and Gmin(D) because the D upper limit 
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[109] is readily recovered as eq. 1 with either base-bridge pathway reduced to a single 
transition pair (Fig. 2.1B). 
 
2.4 Thought experiments on the least energy price 
 
Figure 2.2. Directional motion of a microscopic object induced by a constant pulling force or equivalently 
a field of constant slope in an isothermal environment. Shown is the external field superimposed on a saw-
toothed environmental potential. 
Generality of Eqs. 2.2 and 2.3 is further clarified by examining a particle pulled by a 
constant force in a periodic environmental potential (Fig. 2.2). In this case a single state 
may be assigned to a base or bridge, hence SAA = SBB = 0. Other entropy productions 
are SAB = G
+
AB/T + kBlnAB and SBA = G
+
BA/T - kBlnAB. Here AB = pA/pB is a 











free-energy gaps between adjacent bridges/bases. The energy input is the free-energy 
drop between two adjacent bases: G = fd = G+AB + G
+
BA = T(SAB + SBA) where f 
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is the pulling force and d the inter-base separation. This G produces the maximum D of 
eq. 2.2 or becomes Gmin(D) of eq. 2.3 for the resultant D when SAB = SBA = G/2T, 
which holds if G+AB = G
+
BA = G/2 and AB = 1. A sufficient condition to meet the 
two requirements is an entirely flat environmental potential. This is a situation of a freely 
diffusing particle under a force of a fixed direction, which is conceivably a most effective 
scenario of direction induction due to collinear coupling of the resultant directional 
motion with the force. A flat potential eliminates bases/bridges altogether and renders 
arbitrary the inter-base separation d; yet eqs. 2.2 and 2.3 remain valid. 
      The minimum energy price Gmin(D), though necessarily dissipated to produce D, 
may be converted to work by 100% when D is nullified by a resisting load. Consider the 
above ideal case of a pulled particle in a flat potential. A load F opposing the particle’s 
directional motion reduces the pull to feff  = f  - F. The direction generated by the reduced 
pull, Deff, is again given by eq. 2.2, except G being replaced by Geff  =  feff d. Since 
Gmin(D) = fd, Geff = Gmin(D) - Fd. Increasing load to Fs =Gmin(D)/d reduces Geff 
to zero; and Deff becomes zero too by eq.2.2. Hence Fs is the stall force at which the 
direction vanishes. Under F = Fs the particle achieves the maximum work, which is 
exactly the minimum energy for the initial direction, namely Wmax = Fs d = Gmin(D). 
Moreover, Gmin(D) is the highest possible work that may be drawn by reducing D to 
zero: any extra work would violate energy conservation in the ideal case of D being 
produced just by Gmin(D). 
      Is Gmin of eq. 2.3 the least energy price for a certain direction (D) in general? If this 
were not true, a smaller amount of energy input, G (< Gmin) would produce the same 
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level of D. Nullifying such a D can produce work up to Gmin(D) by the above analysis. 
Thus the energy input of G would produce the amount of work Gmin. This would 
violate the 1st law of thermodynamics if no heat of the environment is converted to work. 
If a finite amount of heat, Q = Gmin - G >0, of the thermally equilibrated environment 
is converted to work so as to satisfy the 1
st
 law, the 2nd law of thermodynamics would be 
violated because the heat-to-work conversion would occur under a single temperature. 
Thus, retaining D by an energy less than Gmin(D) violates either the 1
st
 law or the 2
nd
 
law, and must be falsified for any possible mechanism of direction induction. The 
Gedanken experiments conclude that the energy price given by eq. 2.3 is the absolute 
least universally.  
 
2.5 Experimental verification of the least energy price  
An ideal testing ground for the least energy price is biomolecular motors that run 
continually and are optimized to high energy efficiency by natural evolution. Two good 
candidates are F1-ATPase and kinesin: F1-ATPase is a rotor with efficiency  ~ 100% 
[45, 46]; kinesin is a walker with  ~ 60% [28, 41]. Both motors consume the same fuel, 
and make steps of a fixed size (d = 8.2 nm for kinesin [26] and 120
o
 for F1-ATPase [46]) 
per fuel molecule consumed. The fuel molecule supplies a G of a few [45] tens kBT; the 
portion a motor can utilize is decided by its efficiency () and equals the maximum work 
done by the motor per step Wmax = G = Fsd (Fs is the stall force/torque). Under an 
opposing force F < Fs, part of this utilizable energy becomes work W = Fd, and the 
remaining part, Wmax – W = (Fs-F)d, is approximately the amount of energy available 
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for the motor to retain a D under F. This is a regime of motor-induced direction, for 
which (Fs-F)d versus D(F) may be compared to Gmin(D). Under a load F > Fs, the Fs 
part of the opposing force neutralizes the motor-induced direction by the definition of the 
stall force; the remaining part (F-Fs) produces a reverse directional motion of the motor. 
This is a regime of force-induced direction, for which (F-Fs) d versus D(F) may be 
compared to Gmin(D). Since futile steps are rare for both motors [29, 45], D  (pf - 
pb)/( pf + pb) = (R – 1)/(R + 1) with R = pf/pb being the stepping ratio. Hence D for both 
motors can be obtained from R values from single-molecule experiments [28, 41, 45]. 
Extrapolating the measured R(F) to unit yields the stall force via R(F = Fs) = 1. 
 
Figure 2.3. The energy-direction equality versus experiments of biomolecular motors kinesin (a bipedal 
walker) and F1-ATPase (a rotor). A. Motor-induced directionality (D).  Shown are D values measured 
under an opposing force or torque F versus the amount of energy the motors use to produce D (i.e. (Fs-F)d, 
Fs is stall force or torque, d step size). B. Reverse directionality induced by an opposing force beyond the 
stall force. The amount of energy producing the reverse D is now (F-Fs)d. Panels A, B show the available 
data of single-molecule measurement, including three sets of kinesin data [28, 41] (diamonds) and five sets 
of F1-ATPase data [45] (circles; colours for different sets of measurement). The brackets indicate the 
measurement temperature and the species from which the motors were extracted.  
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      Fig. 2.3 confronts the equality Gmin(D) with eight sets of single-molecule 
experiments [28, 41, 45] available for kinesin and F1-ATPase in both regimes of 
direction induction. The data all fall upon the same Gmin(D) curve despite typical 
fluctuation of single-molecule measurement. By a closer look, the data from each of the 
eight experiments follow the trend of Gmin(D), although these data are for two motors of 
different designs (walker and rotor) and different rates, and were collected by three 
independent groups [28, 41, 45] for two different induction mechanisms over a variety of 
fuel concentration (1 mM–0.4M, hence differing G) and temperature (7C–35C). The 
overall agreement of the diverse experiments with the same equality is unlikely 
accidental – it is rather an experimental proof for the equality and for its generality.  
      With ~ 100% energy efficiency, F1-ATPase has virtually no room to waste energy 
and must work by the equality-defined least cost if it is the true least. Indeed, the F1-
ATPase data for the motor-induced direction overlap the Gmin(D) curve tightly while the 
kinesin data are near but mostly above the curve (Fig. 2.3A). The force-induced reverse 
directional motion, which is of low speed [28, 41, 45] for either motor, has a chance to 
approach the equality too because a force with a fixed direction induces motion along the 
same direction most effectively as discussed before. Indeed, the force-induced direction 
data for both motors overlap the equality curve (Fig. 2.3B). 
 
2.6 Macroscopic situations and consistency with thermodynamics laws 
For small motors like kinesin/F1-ATPase that make submicroscopic steps by an energy 
input not far from kBT, Gmin(D) can be a substantial portion of the tiny energy budget. 
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As the data in Fig. 2.3 show, F1-ATPase can generate D up to ~ 0.993 under low torque. 
The associated Gmin(D) is ~ 11 kBT. This energy cost for pure direction is ~ 70% of the 
total energy from the fuel consumption [45] (~ 15.8 kBT ). When the motor and its step 
size (d) become macroscopic, both the work and the dissipation associated with a finite 
speed rise proportionally, rendering the size-independent Gmin(D) a vanishing portion of 
the macroscopic dissipation and work. Nevertheless, eq. 2.3 accounts for the observation 
of seemingly perfect direction for macroscopic objects: the energy consumption is 
typically on the magnitude of Avogadro number times kBT (i.e. G ~ 6.0210
23 
kBT); yet 
a G of mere 100 kBT already affords a virtually perfect D of 1 – 3.810
-22
!  
      Eq. 2.3 quantifies the least entropy a directional motion adds to the Universe, namely 
Smin(D) = Gmin(D)/T, because Gmin(D) must be consumed for irreversible entropy 
production to maintain D. Eq. 2.3 guarantees Smin(D)  0 for D  0, consistent with 
Clausius’s entropy-irreversibility inequality concerning the 2nd law. Eq. 2.3 accounts for 
pure Brownian motion that is cost-free and entropy-free (i.e. Gmin = 0, S = 0 for D = 0). 
Eq. 2.3 also covers the limit of zero temperature in vacuum where maintaining arbitrary 
directional motion requires no energy (i.e. Gmin(D)  0, S  0 at T 0 K), consistent 
with the 3
rd
 law of thermodynamics. Eq. 2.3 reveals an exclusive link between D 
quantifying a direction and the least energy/entropy for it, which amounts to a 





In conclusion, the least energy price for a pure direction satisfies a universal equality 
depending singularly on the environmental temperature. The equality captures the 
absolute least; any lower price would violate either the 2nd or the 1st law in thought 
experiments. Real proof for the equality and its general applicability comes from 
experiments on high-efficiency biomolecular motors F1-ATPase and kinesin (a rotor and 
a walker) over a wide range of conditions for motor-induced direction and force-induced 
reverse direction. The price for pure direction, though entirely negligible for macroscopic 
objects, becomes an eminent channel of energy consumption for microscopic objects. 
Hence the equality quantifies a least-price boundary set by the 2
nd
 law for energy 
utilization in the microscopic world. F1-ATPase and kinesin function in the vicinity of 
this boundary to minimize energy cost. To which extent the boundary is exploited by 
other biomolecular motors and man-made counterparts is open to future study. Future 












 law constrains heat engines because the heat from a single-temperature source 
may not be cyclically converted to work by 100%. Instead a finite amount of heat must 
be wasted at a lower temperature. The least possible waste, quantified by the Carnot 
theory [8], factors the 2
nd
 law into the best efficiency of heat engines and designates 
temperature as the key physical parameter to approach it. Nanoscale motors in biology 
[10, 18, 129] and nanotechnology [49] normally utilize an energy source other than heat, 
and operate in an environment characterized by a single temperature. Some biological 
nanomotors practically approach 100% efficiency that is the ultimate limit of the 1
st
 law 
(energy conservation). The 2
nd
 law should be obeyed by nanomotors, but in what 
meaningful way the efficiency of isothermal nanomotors is constrained by the 2
nd
 law is 
an issue that remains unclear despite many studies [70, 91, 99, 109, 121-123, 126, 127]. 
      An isothermal motor, regardless of its size and energy source, is subject to the 2
nd
 law 
in a fundamental way: the motor must first produce directional motion in order to 
produce work against a load; but merely sustaining a direction in an isothermal 
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environment costs energy – even if no work is done. Otherwise a load could be attached 
to the moving motor to convert the environmental heat to work at a single temperature, 
leading to a perpetual machine of the second type. Hence the 2
nd
 law imposes a finite 
energy cost for pure direction on isothermal motors – again by the impossibility of cyclic 
heat-to-work conversion at a single temperature. As this study will show, the least 
possible cost of direction factors the 2
nd
 law into the best efficiency of nanomotors and 
designates directionality as the key physical parameter to approach it, in a manner 
reminiscent of the Carnot theory for heat engines. 
 
3.2 Motors’ efficiency and the least energy price for microscopic 
direction 
      The least cost of direction (Gmin) is quantified in an equality that depends solely on 
the environmental temperature (T), if the direction is quantified by a quantity called 
directionality [88, 109] (D). Namely, Gmin(D) = 2kBTln[(1+D)/(1-D)] with kB being 
Boltzmann constant. Directionality is the net probability for forward displacement per 
round of energy consumption: D = (pf -pb)/( pf + pb +p0) with pf , pb , p0 being probability 
for forward, backward and null displacement per energy consumption. The Gmin(D) 
equality captures the absolute least cost of direction; any higher cost would violate either 
the 2
nd
 law or the 1
st
 law. The cost of direction is vanishingly small for macroscopic 
motors, but becomes a big portion of the tiny energy budget of nanomotors. The equality 
was derived for arbitrary microscopic objects, and received experimental proof from 
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biological nanomotors both for motor-induced direction and for reverse direction induced 
by an external force.  
      Relevance of the 2
nd
 law-decreed cost of direction to nanomotor efficiency will be 
explored using the experimental phenomenology of two highly efficient biological 
nanomotors, F1-ATPase and kinesin, for which directionality and efficiency are available 
from single-motor measurements over recent years. F1-ATPase [18] is a rotor and kinesin 
[10] a walker, yet both powered by the same fuel molecules (adenosine triphosphate or 
ATP) that each supply an energy input (G) of a few tens kBT. Both motors make steps of 
a fixed size (d) per fuel molecule consumed, with d = 8.2 nm for kinesin [26] and 120
o
 
for F1-ATPase [46]. The maximum work produced per step is Wmax = Fsd; here Fs is the 
stall force/torque that brings the motor to complete halt. The common definition of 
efficiency  = Wmax/G yields  ~ 100% for F1-ATPase [45, 46] and  ~ 60% for kinesin 
[28, 41]. 
 
3.3 Characters of kinesin-1 and F1-ATPase reveal a best efficiency 
A model-free and parameter-free analysis of F1-ATPase/kinesin experimental 
phenomenology exposes three distinct characters. 
      Character I: the sum of the work done by either motor under an opposing load (F) and 
the least energy associated with the directionality under the load is a load-independent 
constant. The experimental data for the sum, G = Fd + Gmin(D(F)), follow an overall 
flat line for either motor from near-zero load up to the stall load despite typical 
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fluctuations of the single-molecule data [28, 41, 45] (Fig. 3.1A, B). Here the 
directionality under a load D(F) is given by the measured stepping ratio [28, 41, 45] R(F) 
= pf/pb via D  (pf - pb)/( pf + pb) = (R – 1)/(R + 1), since futile steps are rare [29, 45] for 
both motors (p0 ~ 0). 
 
                                                                             
Figure 3.1. Characters of biological nanomotors kinesin and F1-ATPase: work and energy for 
direction. A, B. G (work plus the least energy cost for the direction) versus load F. C. Maximum work 
versus zero-load directionality. The data (symbols) are from refs. [28, 29] for kinesin and ref. [45] for F1-




      Character II: the maximum work of either motor equals the least energy for the zero-
load directionality, i.e. Wmax = Fsd = Gmin(D0) with D0 = D(F=0). For either motor, the 
stepping ratio R(F) drops exponentially [28, 41, 45] with increasing F. The R(F) data 
yield D0 when extrapolated to F = 0, and yield Fs when extrapolated to R = 1 (i.e. D = 0). 
The data of Wmax versus D0 converge to the Gmin(D) equality for either motor (Fig. 3.1 
C). 
      Character III: F1-ATPase and kinesin produce D at the least cost at any load up to the 
stall force, or reversely achieve maximal D out of the available energy GD = G - Fd. 
Namely either motor satisfies D(F) = Dmax(GD) = [exp(GD/2kBT) - 1]/[exp(GD/2kBT) 
+ 1] (Fig. 3.2). Here D(F) is maximal because Dmax(GD)  reverses the Gmin-D relation 
with Gmin being replaced by GD. 
      The three characters make immediately clear that the efficiency of F1-ATPase and 
kinesin is decided by the least cost of direction decreed by the 2
nd
 law. Namely,  




Figure 3.2. Characters of biological nanomotors kinesin and F1-ATPase: directionality. The data 
(symbols) are from the same experiments as for Fig. 1 (panels A, B). The lines are eq. 3.4 for G values 
extracted from the fit in Fig. 1. 
D is the key physical parameter to access high efficiency:  is zero for D0 = 0, but 
approaches 100% when D0 approaches the highest D allowed by the energy input (i.e. 
Dmax(G)). Indeed, F1-ATPase spends ~ 100% of its energy input to produce D at the 
least cost to ensure ~ 100% efficiency. 
      The Wmax-D0 correlation is consistent with the constant G = Fd +Gmin(D(F)) when 
F changes from 0 to Fs: G = Gmin(D0) at F =0 and G = Fsd at F=Fs. Thus characters 
I, II amount to an experimental proof for a previous projection that the least energy cost, 
Gmin(D), may be converted to work by 100% by nullifying D against a load. Gmin(D) is 
also the highest possible work available from D even though extra energy is wasted to 
produce D; otherwise the 1
st
 law (energy conservation) would be violated in case D is 
produced just by Gmin(D).  
 
3.4 Thermodynamics of molecular motors represented by cycle kinetics 
The three characters plus the -D relation (eq. 3.1) are of the best performance of 
nanomotors, as will be made clear below by tracing back to the underlying cycles and 
optimal thermodynamics. 
      Motion of a nanomotor in an isothermal environment is governed by free energy and 
characterized by stochastic transitions. The path of a motor with a fixed step size [16] is 
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defined by an array of free-energy minima where the motor most likely stay according to 
Boltzmann’s law when the energy input is not available. These most probable locations 
are called bases; and the in-between locations of free-energy maxima are called bridges. 
 
Figure 3.3. Generic transition diagram (A), and its implementation by biological nanomotors kinesin 
(B) and F1-ATPase (C). A shows basic states and transitions (arrows) of a nanomotor with a fixed step 
size [16]. B and C show the biomotor’s chemomechanical cycle [10, 18] driving a forward step (i.e. the 
cycle marked by Jc
+
 in A). ATP, ADP and Pi mark fuel molecule (adenosine triphosphate) and the wastes 
(adenosine diphosphate and phosphate). For both motors, k1,2, k2,1 transitions are ATP hydrolysis and the 
reverse process; k3,4, k4,3 transitions are ATP binding and dissociation. 
36 
 
When the energy input is available, the motor readily accesses the bridges for inter-base 
motion towards a unique direction (called forward direction hereafter). A base/bridge 
may host multiple states for the motor; but only the doorway states where the motor 
enters or exits a base or bridge are directly relevant to the motor’s motion. As shown in 
Fig. 3.3 A, a nanomotor’s kinematics is sufficiently described by transitions between four 
doorway states of adjacent base and bridge, which are either entry states (marked 1, 3) or 
exit states (marked 2, 4) for a forward-moving motor. E.g. the transitions 12341 
form a cycle (marked by Jc
+
) that may occur repetitively to produce a forward inter-base 
step. The reverse cycle produces a backward step; other cycles may produce null steps. 
The four-state transition diagram of Fig. 3.3 A is generic; it equally applies to F1-ATPase 
(a rotor) and kinesin (a walker). Fig. 3.3 B, C show the chemomechanical cycles [10, 18] 
of both motors (corresponding to the Jc
+
 cycle) together with their bases/bridges and 
doorway states.  
      Sustained motion of a nanomotor by rounds of energy supply is quantified by the 
steady-state of the four-state transition diagram. This yields the motor’s D [109]  


















D  .                                                                        (3.2) 























Here ki,j is rate for the transition from ith state to jth state; d is the inter-base separation 
(i.e. step size). ∆Si,j=kBln(piki,j/pjkj,i) is the entropy productions [95, 97, 106] 
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accompanying the net forward motion from ith state to jth state with pi being the 
occupation probability of ith state. Below is the derivation of eq. 3.3. 
      The speed (v) of the motor is determined by the transition flux associated with the 
overall transition from the entry bridge state to the exit bridge state (J1,2 = p1 k1,2) minus 
the flux associated with the overall reverse transition (J21 = p2 k2,1). The speed is 
      
 1,222,11 kpkpddJv   
Here p1 and p2 are the occupation probability for the entry and exit bridge states.  
      The steady-state probabilities for the four states of the kinetic diagram (Fig. 3.3A) are 




















































Here  = p1 + p2 + p3 + p4. 1, 2, 3, 4 are four ratios of transition rates:
 
 































      Eq. 3.3 is obtained using the following steady-state relations between the four rate 
ratios and the four entropy productions: 
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Here the four a factors are combinations of the four rate ratios. 
      
































 aaaa . 
The cycle balance condition was also used: 











Here G is the total energy input: dFSTSTSTSTG  1,44,33,22,1 . The 
terms on the right-hand side are work, and heat productions accompanying transitions 
along the four pathways of the kinetic diagram. 
 
3.5 Optimal thermodynamics underlying the experimental characters 
The optimal motor performance from the transition diagram is given by maximizing D 
and v under the constraint of energy conservation ∆G = T(∆S1,2 + ∆S2,3 + ∆S3,4 + ∆S4,1) + 
Fd. As characters I, II indicate, the D production and work compete for the same source 
of energy (G). This is reasonable since any work must be done via D, i.e. as a 
directional displacement times a collinear force. Since D is solely decided by the entropy 
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productions associated with the two base-bridge transition pathways (eq. 3.3), the shared 
energy source for work and D is identified as ∆G = T(∆S2,3 + ∆S4,1) + Fd. Applying 
Lagrange multipliers to eq. 3.2 under this energy condition yields the optimal D together 
with the thermodynamic condition 




















,                                                                                      (3.4) 
      TFdGSS 2/)(1,43,2   .                                                                         (3.5) 
Similarly, maximizing eq. 3.3 under T(∆S1,2 + ∆S3,4) = ∆G - ∆G yields the optimal v and 
the thermodynamic condition. 
      
 
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The parameters a, b, c are rate ratios: a = kc/ka, b = kc/kb, c = kb/ka with 1/kc = 1/k1,2 
+1/k3,4, 1/ka = 1/k3,4 +1/k4,3 and 1/kb = 1/k1,2+ 1/k2,1. The optimization procedures are 
below. 
      Applying two Lagrange multipliers  and  yields  
            0ln/ln  DTGv  . 
Introducing x = exp(S1,2/kB), y = exp(S3,4/kB),  p = exp(S2,3/kB), q = exp(S4,1/kB), the 
above equation yields four optimal conditions as below.  
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      Here, ε5 = k1,2/k2,1, ε6 = k1,2/k2=3,4 and ε7 = k1,2/k4,3. First two Equations combine to 
yield p = q, i.e. ∆S4,1 = ∆S2,3. Applying the equal entropy productions to eq. 3.2 leads to 
T(S2,3 + S4,1) = Gmin(D). This suggests that the speed optimization requires the least 
energy cost for D, and equivalently requires a maximal D out of the available energy cost 
T(S2,3 + S4,1). Further considering the energy partition T(S2,3 + S4,1) = G − Fd 
readily recovers eqs. 3.4 and 3.5.  
      The other two equations combine to yield another equation for x and y: 
      2 26 7 5 5 6 7 5 6 7( ) 1 2 1 ( ) 1 ( ) 0y x y y x y                        . 
Introducing a = 6 + 7, b = 1 + 5, w = xy simplifies the above equation into 
          .02 22  wbwawxabxbwa  
Then the solutions for x and y are obtained as 
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Applying the above two equations to eq. 3.3 yields the optimal speed. The 
thermodynamics conditions of eqs. 3.5, 3.7 transform to kinetic requirements for the 
transition rates via an iterative relation ki,i+1/ki,i-1 = [exp(Si-1,i/kB) −1]/[1-exp(−Si,i+1/kB)].
 
      The D optimization reproduces the three characters of F1-ATPase and kinesin. The 
optimization preserves character I (load-independent G) for energy partition, and 
directly recovers character III via eq.3.4. Eq. 3.4 necessarily yields the stall force Fs = 
G/d at D = 0; its mathematical reverse necessarily yields G = Gmin(D0) at F = 0. 
Hence character II is recovered too, namely Wmax = Gmin(D0) = G. The ensuing 
efficiency follows eq. 3.1. 
      At zero load and saturating fuel concentrations F1-ATPase and kinesin attain their 
highest speed, which largely approaches the optimal speed given by eq. 3.6 (Fig. 3.4). 
Hence both motors tend to maximize the rate kD = vmaxGmin(D0)/d by which energy is 
channelled into D and eventually into work. This pattern may be regarded as character IV 
of both motors. 
      The optimal speed approaches a rate-independent upper limit vmax/kcd < 1 – exp[−(G 
− G)/kBT] under the condition a  0, b  1 or b  0, a  1 (note a + b >1). This 
kinetic condition is close to F1-ATPase’s rates [130] (a ~ 0.007, b ~ 2) but not kinesin’s 
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[38] (a ~ 1.67, b ~ 11). Indeed, the kD versus Gmin(D0) (i.e. G) curve predicted using 
F1-ATPase rates follows tightly the curve predicted by the limit (Fig. 3.4). 
 
Figure 3.4. Maximal rate by which energy is channelled into direction for F1-ATPase (A) and kinesin 
(B). Either motor attains its highest rate at zero load and for saturating fuel concentrations for which the 
normalization rate kc equals the fuel hydrolysis rate k1,2 approximately since the fuel binding rate k3,4 is 
large. Solid lines are predictions by the optimal speed of eq. 3.6 using transition rate ratios for F1-ATPase 
[130] (a ~ 0.007, b ~ 2) and kinesin [29, 38] (a ~ 1.67, b ~ 11). The ratios are not well determined; 
assuming  50% uncertainty for each ratio yields the patterned areas. The F1-ATPase data are from ref. [48] 
for kc (~ 1640/s), from ref.[47] for speed plus maximum work i.e. Gmin (D0). Considering G uncertainty 
[45] of ~ 1.5 kBT for F1-ATPase and its ~ 100% efficiency, G is taken as the measured maximum work 
plus 1.5 kBT in panel A. The kinesin data are from ref. [38] for kc (~ 250/s), from ref. [28, 29] for speed, 
Gmin (D0), and G (~ 20 kBT) that is used for panel B. The dashed lines in panels A, B are prediction of a 
rate-independent upper limit using the respective G. 
      The upper limit indicates an efficiency-speed trade-off: v  0 if   100% by 
Gmin(D0) (i.e. G)  G. Staying near the limit allows nanomotors to maintain a finite 
speed by a minimal energy waste (G − G): v at the limit recovers exponentially when 
the energy waste rises from zero linearly. E.g. a waste of mere 1.5 kBT, corresponding to 
the G uncertainty in F1-ATPase experiments [45], recovers v/kcd from zero to 0.78 
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(note v/kcd is capped to 1 since kc is a rate for forward transitions). This explains the 
coexistence of F1-ATPase’s ~ 100% efficiency and a workable speed (Fig. 3.4A).   
      A nanomotor that attains ~ 100% efficiency near the speed limit like F1-ATPase is 
qualified as a best motor by thermodynamic laws. Eq. 3.1 with D0  Dmax(G) quantifies 
the best approachable efficiency: the majority of the energy supply must be channelled 
into D production at the least cost in order to produce work when the resultant directional 
motion encounters an opposing load; any extra waste in producing D or in maintaining v 
renders a lower efficiency. The kinetic condition for the speed limit necessitates c = a/b 
approaching zero or infinite. This nullifies one of ∆S1,2  and ∆S3,4 but maximizes the other. 
Thus the thermodynamic condition for a best motor is: the small energy waste (G − 
Gmin (D0)  0) splits into ∆S1,2  and ∆S3,4 most unevenly; but ∆S2,3  and ∆S4,1 evenly 
share Gmin (D0) − Fd (eq. 3.5). 
 
3.6 Conclusions  
In conclusion, the 2
nd
 law of thermodynamics determines the best accessible efficiency of 
nanomotors by a least energy cost it requires to sustain a direction in an isothermal 
environment. A quantity called directionality is the key parameter to access the best 
efficiency in parallel to temperature for heat engines. The transition cycles, 
thermodynamics and kinetics facilitating up to 100% efficiency are identified from a 
generic four-state transition diagram. This study exposes a profound connection between 
the 2
nd
 law and nanomotors, which is in parallel to the well-known 2
nd
 law-heat engine 
connection but more of microscopic nature. The findings lay a scientific foundation for 
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understanding energy-efficient biological nanomotors and for developing artificial 






Generalized Efficiency at Maximum Generalized Power 
 
4.1 Introduction 
Efficiency of an engine or a motor is traditionally defined as the mechanical work divided 
by the energy input. Thus efficiency is a variable depending on the load against which the 
motor does work. Maximum efficiency was usually used for evaluating performance of 
macroscopic heat engines and microscopic molecular motors [30]. The 2
nd
 law of 
thermodynamics sets the ultimate limit to the efficiency of heat engines and also requires 
an infinitely slow speed to approach the limit. Therefore, maximum efficiency in fact 
does not describe performance of a moving engine but a stalemated one. For a moving 
engine, a compromise must be made to reduce its efficiency to obtain a finite speed. A 
good trade-off between efficiency and speed for heat engines is the efficiency at 
maximum power (EMP) [131-133]. 
      Different from macroscopic heat engines, molecular motors often work in isothermal 
environment and are not driven by heat, so the limit of efficiency set by 2
nd
 law for 
molecular motors are not limited by the temperature difference, and thus can approach to 
100% in principle. Besides, in an isothermal environment, a molecular motor must pay an 
amount of energy to resist disturbance from relatively large thermal fluctuation to merely 
keeping a certain level of direction of motion. Otherwise, by attaching a load, a molecular 
motor will output mechanical work using energy from the only energy source available: 
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heat in the isothermal environment, which violates the 2
nd
 law of thermodynamics. In 
contrast, this energy cost is vanishingly small for macroscopic engines. Due to these 
reasons, concepts of efficiency and EMP relevant to molecular motors are likely different 
from macroscopic heat engines. Here, we generalizes the concept of efficiency, referred 
as generalized efficiency (η), by defining the sum of mechanical work (W) and the energy 
price for directional motion as the energy output. We then apply the generalized 
efficiency to analyze the EMP problem of molecular motors.  
 
4.2 Generalized efficiency and efficiency-velocity trade-off 
4.2.1 Definition of generalized efficiency 
The generalized efficiency (η) is defined as, 













 .                                                                                  (4.1) 
 
Figure 4.1. Generalized efficiency of biological molecular motors kinesin (A) and F1-ATPase (B). 
Generalized efficiency versus load for kinesin and for F1-ATPase. The symbols are from ref. [28, 29] for 
kinesin and ref. [45] for F1-ATPase. Indicated are measurement temperature and the biological species 
from which the motor samples were extracted. 
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∆G is energy input (Gibbs free energy change), and for kinesin and F1-ATPase it is 
chemical potential of ATP.  D is directionality of a molecular motor, which is the 
difference between the probabilities of making a forward step and a backward step (0 ≤ D 
< 1) [109]. As the name indicates, D quantifies how good the direction of a molecular 
motor is. In chapter 2, it is proved that to maintain a certain D, an least energy price, 
2kBTln((1+D)/(1-D)), must be paid for each step. In the definition of generalized 
efficiency, the least energy price for directionality and mechanical work are both 
considered as energy output. Data of kinesin from two species and F1-ATPase from one 
species shows that their generalized efficiencies are constants (Fig. 4.1 A & B), 
suggesting that when a increasing load is attached to the motors, it is the energy for 
directionality that converts to mechanical work. Thus mechanical work and energy for 
directionality should be one unified form of energy for molecular motors. Moreover, 
generalized efficiency recovers maximum efficiency (in conventional definition) when 
the motor is stalemated (D = 0, η = Wmax/∆G), which reveals that for molecular motors 
this energy of the unified form is always assigned for the purpose of doing mechanical 
work through may not fully transformed into mechanical work due to small load. 
Therefore, the experimental data is direct evidence for physical relevance of generalized 
efficiency to biological molecular motors. Since artificial nano-motors are likely mimics 
of bio-motors, the concept of generalized efficiency is likely physically relevant to all 
nano-motors. 
 
4.2.2 The basic kinetic diagram 
The concept of generalized efficiency provides an opportunity to reanalyze 
thermodynamics of molecular motors. Basic working processes of molecular motors are 
identified for a systematic analysis. Any sustained directional motion of motors can be 
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represented by a cycle of working processes. A motor’s physical interaction with the 
track and the overall environment can be quantified as a periodical potential field along 
 
Figure 4.2. Generic kinetic diagrams (A), and its implementation by biological nanomotors kinesin (B) 
and F1-ATPase (C). A shows basic states and transitions (arrows) of a molecular motor with a fixed step 
size. B & C show chemomechanical cycles of kinesin [10] and F1-ATPase [18]. ATP, ADP and Pi mark 
fuel molecule (adenosine triphosphate) and the wastes (adenosine diphosphate and phosphate). For both 
motors, 1→2 and 2→1 transitions are ATP hydrolysis and the reverse process; 3→4 and 4→3 transitions 
are ATP binding and dissociation. 
the direction of its track. The positions of free-energy maxima and minima are distributed 
along the track alternatively and periodically. When energy input is not available, 
according to the Boltzmann’s law a motor most likely stays at the free-energy minima 
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positions, referred to as base. Once the energy input is available, the motor will go across 
the free-energy maximum position, referred to as bridge, assisted by the energy input and 
will arrive at the next free-energy minima position. Sustainable directional motion of 
molecular motors requires a cycle, along which the motor can repeat going through bases 
and bridges alternatively and at the same time consuming energy (Fig. 4.2 A). Among 
such two ensembles of base and bridge states, the four states through which a motor 
enters or leaves the base or the bridge are the necessary doorway states, which are 
denoted by 1, 2, 3 and 4. The microscopic processes responsible for energy consumption 
and directional motion can be represented by stochastic transitions. The transitions 
between the base and the bridge, 2 → 3 and 4 → 1, are for mechanical processes in which 
forward/backward steps and mechanical work are made. The transitions between the two 
doorway states within the base or the bridge, 1 → 2 and 3 → 4, are energetic processes in 
which the energy is injected into the system. Two bio-motors, kinesin walker and F1 
rotor, are two examples (Fig. 4.2 B & C). 
 
4.2.3 Generalized power 
The generalized efficiency straight-forwardly leads to a generalized output power 
(referred as generalized power in the following), namely the rate of energy conversion to 
mechanical work and directionality. To quantify the generalized power, we first quantify 
directionality and velocity. Based on the basic kinetic diagram, directionality can be 
expressed by two entropy productions ∆S2,3 and ∆S4,1 (the derivation is on page 19-20): 


















D .                                                                        (4.2) 
The entropy production of a single transition from state i to state j is ∆Si,j= kBln(piki,j/pjkj,i) 
[95, 106]. pi is the population of state i and ki,j is the transition rate from state i to state j. 
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The speed can be expressed by the other two entropy productions, ∆S1,2 and ∆S3,4 (the 
derivation is on page 37): 























d is the step size of a motor. The equation of energy conservation, ∆G = T(∆S1,2 + ∆S2,3 + 
∆S3,4 + ∆S4,1) + W, plays as a physical constrain. ∆G is the energy input for each step.  
       Only the optimized performance is considered here for obtaining thermodynamic 
limits, so directionality and velocity should be maximized by adjusting assignment of 
input energy to the entropy productions. The condition for maximization of directionality 
is: ∆S2,3 =∙∆S4,1, which reproduces the least energy price for directionality (eq. 4.1). The 
condition for maximization of velocity is: e
∆S1,2/kB = (w
 −1)/[(a/b∙w)1/2 +1] +1 and e∆S3,4/kB = 
(w
 −1)/[(b/a∙w)1/2 +1] +1, while w = e∆G(1-η)/kBT, a = kc/ka, b = kc/kb, c = kb/ka, 1/kc = 
1/k1,2+1/k3,4, 1/ka = 1/k3,4+1/k4,3 and 1/kb = 1/k1,2+1/k2,1. Therefore, the maximum 
velocity is: v/kcd = (e
∆G(1-η)/kBT − 1)/(e∆G(1-η)/kBT + 2(ab)1/2e∆G(1-η)/kBT + a + b − 1). Then, 
generalized power (P) is: 





















.                                       (4.4) 
 
4.2.4 Efficiency-velocity trade-off 
When generalized efficiency approaches to 100%, velocity will decreases to 0, so a 
generalized efficiency of 100% is ideal on one hand, but on the other hand it is not 
workable because it will be infinitesimal slow. However, the theory here predict a good 
trade-off between generalized efficiency and velocity for molecular motors: when a 
compromise is made by decreasing generalized efficiency from 100% linearly, velocity 
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will recover exponentially (η → 1, v ~ kcd (e
∆G(1-η)/kBT −1)/[2(ab)1/2 + a + b]). This feature 
suggests that molecular motors are potentially able to remain high generalized efficiency 
and high velocity at the same time. Then, whether there is such a good balance point 
between generalized efficiency and velocity becomes a relevant question. Generalized 
efficiency at maximum generalized power (GEMP) is likely a good balance point 
between generalized efficiency and velocity. 
 
Figure 4.3. Generalized efficiency and generalized power of molecular motors. In A, solid lines are 
theoretical predictions for generalized power versus generalized efficiency (eqn. (5)) using the rate ratios of 
kinesin (a ~ 1.67, b ~ 11) [29, 38] and F1-ATPase (a ~ 0.007, b ~ 2) [130], and ∆G ~ 20 kBT. The ratios are 
not well determined; assuming ± 50% uncertainty for each ratio yields the patterned areas. The empty and 
filled squares are experimental data of kinesin from ref. [29] and [28], for kc ~ 165 s
-1
 (different from the 
rate in Chapter 3) which is obtained from the fitting in Fig. 4.5 C and consistent with ref. [32, 38]. The 
filled circle is experimental data of F1 from ref. [45, 47] for kc ~ 1650 s
-1
 [47]. The dash line is prediction 
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of a rate-independent upper limit. B & C show the maximum generalized power and the corresponding 
generalized efficiency versus parameters a and b at ∆G ~ 20 kBT. 
      Theoretical lines predicted by eq. 4.4 indeed show this maximum generalized power 
(Fig. 4.3 A). The lines depend on the two rate ratios (a, b), which are different for 
different motors. Comparing with reported experimental data (Fig. 4.3 A), we find that 
with no load attached kinesin works near GEMP, indicating relevance of GEMP to real 
and high-performing biological motors. The biological function of kinesin is directional 
transportation of vesicular cargoes inside cells, while working at GEMP would maximize 
cargo flux which promotes its function. Theoretical lines for F1-ATPase with no load 
attached shows an ideal generalized efficiency-velocity trade-off. A small discount on the 
generalized efficiency will cause the generalized power increasing near vertically (Fig. 
4.3 A). Experimental data of F1-ATPase appears near the vertical part of theoretical lines 
with high generalized efficiency (~ 100% [45]) and relatively low power. The function of 
F1-ATPase in cells is energy conversion (synthesizing ATP from proton flow or 
generating proton flow from hydrolysis of ATP), so partially sacrificing power for a high 
efficiency is reasonable and necessary to this function. Therefore, the ideal trade-off 
predicted by the theory explains how F1-ATP obtains such a high efficiency, which used 
to be difficult to understand physically. Shapes of the theoretical lines are determined by 
the two rate ratios. Since the predictions based on the theoretical lines are consistent with 
the functions of the two bio-motors, the values of the two rate ratios are probably 
requirement of the functions. Besides, an upper limit of generalized power appears when 
a → 0, b → 1 or a → 1, b → 0 (Fig. 4.3 A). The experimental data of kinesin and F1-
ATPase is close to the upper limit, implying that their performance is both near to the 




4.3 Generalized efficiency at maximum generalized power 
4.3.1 Equation of GEMP 
The generalized efficiency (ηGEMP) at maximum generalized power (Pmax) is meaningful to 
molecular motors. A self-closed equation for ηGEMP is derived from ∂P/∂η|η=ηGEMP= 0: 















































wTkG .                (4.5) 
Here, wm = e
∆G(1-ηGEMP)/kBT; A = (a+b−1)(ab)-1/2 and B = (ab)-1/2. This equation is a 
transcendental equation, so its analytical solution is difficult to find. However, numerical 
solution can be obtained, and the solution only depends on four parameters: the two rate 
ratios (a, b), the total energy input (∆G) and the temperature (T).  
 
4.3.2 Two upper limits of GEMP 
At constant energy input and temperature, by scanning rate ratios (a, b), ηGEMP and Pmax 
form two surfaces which look like a stingray fish (Fig. 4.3 B & C). The two eyes of the 
“stingray” (a → 0, b → 1 and a → 1, b → 0, note that a + b > 1) are two symmetric 
upper limits for both ηGEMP and Pmax:. At biological condition (ATP concentration ~ 1 
mM), the rate ratios of F1-ATPase (a ~ 0.007, b ~ 2) [130] are close to the first upper 
limit (Fig. 4.3 B & C), suggesting that F1-ATP is able to reach a best trade-off; while the 
rate ratios of kinesin (a ~ 1.67, b ~ 11) [38] have a obvious gap from the limit (Fig. 4.3 B 
& C). In general, different motors can be mapped on the stingray picture according to 
their rate ratios, and their upper limits of ηGEMP can be easily read out. Therefore, the 
stingray picture provided a simple and unified standard to judge motors’ potential 
performance from their kinetic measurements. Besides, the two rate ratios not only 
depend on the motor itself, but also on external conditions. For motor driven by chemical 
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fuels (like kinesin and F1-ATPase) the rate ratios also depends on fuel concentration 
(normally k3,4 are proportional to fuel concentration). Take F1-ATP for example, at 
biological condition (ATP concentration ~ 1mM) the rate ratios (a ~ 0.007, b ~ 2) are 
close to the first limit. When ATP concentration is extremely low, the rate ratios will 
approach to the second limit. When changing fuel concentration, the moving trajectory of 
point (a, b) on the a-b plane (the lying plane in Fig 4.3 B & C) is a straight line : a = 
b∙(1/k4,3−1/k1,2)/( 1/k1,2+1/k2,1) +1. Regardless of the three rates, the line will go through 
the second limit (a = 1, b = 0) where fuel concentration will be extreme low, implying 
that molecular motors driven by chemical fuels potentially are able to display their 
limiting performance when at low fuel concentration.  
 
4.3.3 Analytical solution to the equation at the limits 
The equation of ηGEMP for the upper limit (a → 0, b → 1 or a → 1, b → 0) is, 
      1ln/  mmB wwTkG .                                                                             (4.6) 
wm = e
∆G(1-ηGEMP)/kBT. The solution is obtained analytically as 
      ηGEMP = 1− kBTln[LambertW(e
∆G/kBT +1)]/∆G.                                                 (4.7) 
Here the function LambertW is the solution of the functional equation z = W(z)∙eW(z). The 







nn nxnx . 
    The maximum power associated with the ηGEMP from eq. 4.7 is 
       TkGcGEMP BGEMPeGkP /)1(max 1   .                                                           (4.8)
 
The ηGEMP and associated Pmax given by eqs. 4.7 and 4.8 depend on the energy input and 
the environmental temperature but not on any specific transition rates. Therefore, eqs. 4.7 
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and 4.8 define a universal thermodynamic limit to all molecular motors regardless of their 
detailed working mechanisms. 
 
4.3.4 Energy input constrains GEMP 
GEMP depends on energy input (Fig. 4.4 A). Generally, ηGEMP and Pmax increases with 
energy input, though decrease of ηGEMP of kinesin happens at small input energy. To 
obtaining high ηGEMP, the energy input for each step must be large enough. For ηGEMP of the 
upper limit (a → 0, b → 1 or a → 1, b → 0) to reach ~ 80%, the input energy must be ~ 
20 kBT, which approximates to the chemical potential of ATP at biological condition, 
implying the reason for nature choosing ATP as the energy source for most of biological 
processes. 
      Generally, the trend of ηGEMP is increasing from 50% to 100% when energy input 
increased from 0 to infinite large. When varying energy input, another two limits of ηGEMP 
display this trend explicitly. First, by substituting wm by ηGEMP, the eqn. 4.3 can be 
expressed as ∆G∙ ηGEMP /kBT(1+ C) − (1− e
−∆G(1-ηGEMP)/kBT)( e
∆G(1-ηGEMP)/2kBT + C) = 0, while C = 
(A + e
∆G(1-ηGEMP)/2kBT)/(B + e
-∆G(1-ηGEMP)/2kBT). When ∆G approaches to 0, the equation will 
reduce to ∆G∙ηGEMP /kBT(1+ C) –∆G(1−η)/kBT(1+ C) = 0. Thus when ∆G approaches to 0, 
ηGEMP will approach to 50 % regardless the two rate ratios (Fig. 4.4 A). Second, ηGEMP can 
be expressed in the form of: ηGEMP = ∆G/kBT∙(1− e
−∆G(1-ηGEMP)/kBT)( e
∆G(1-ηGEMP)/kBT +C)/(1+C). 
If ηGEMP approach to 1, the right side of the equation will approach to 0, which makes 
ηGEMP contradict with itself. The equation only could be maintained if ∆G approaches to 
infinity, so ηGEMP can approaches to 100 % only if ∆G approaches to infinite large. 
Therefore, when the total energy input is very small, a motor working at GEMP uses half 
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of the energy to do mechanical work or make directional movement and the other half for 
promote velocity. While a relative high ηGEMP can only be obtained when the energy input 
for each step is large enough.  
 
  
Figure 4.4. Maximum power and corresponding generalized efficiency versus energy input and 
temperature. The green and orange lines are predictions for kinesin and F1-ATPase using the same 
parameters as in Fig. 4.3 A. The dash line is prediction of the rate-independent upper limit. In C, the energy 
input is 20 kBT (T = 300 K). 
    The monotonic increase of ηGEMP with increasing eney input has an analogy to the use 
of a high voltage to promote the efficiency of electrical transmission along a cable linking 
a power plant and users. For a fixed power output from the power plant, raising the 
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voltage reduces the electric current in the cable, and thereby reduces the energy 
dissipation by the cable’s electrical resistance. Consequently, the transmission efficiency 
is promoted by a higher voltage, which corresponds to a higher energy input driving the 
directional drift of electrons in the cable. 
 
4.3.5 Temperature dependence of GEMP 
Bio-motors all functions at temperature around 300 K, but the artificial counterparts may 
work under a large range of temperature, so temperature dependence of GEMP is shown 
in a large range (Fig. 4.4 C). In fact, because input energy is always over temperature 
(∆G/kBT), so the temperature dependence is correlated with the energy input dependence. 
T approaching to 0 is equivalent to ∆G approaching to infinity, by which ηGEMP will 
approach to 100%. Conversely, T approaching to infinite high is equivalent to ∆G 
approaching to 0, by which ηGEMP will converge to 50 %. Under a constant energy input, a 
relatively high ηGEMP only occurs at relatively low temperature (Fig. 4.4 C). Interestingly, 
life on earth lives at temperature around 300 K, which is in favor of obtaining relatively 
high ηGEMP. The result also implies that life is much more difficult to occur at a high 
temperature environment in which ηGEMP is low. 
 
4.3.6 Generalized efficiency and power at a finite load 
The generalized efficiency and the generalized power not only characterize the two bio-
motors’ performance under zero load (Fig. 4.3 A), but also the performance under a finite 
load. Experimental data of kinesin [29] and F1-ATPase [45] shows that their generalized 
power decreases when the opposing load on the motors are under increased,  but the 
generalized efficiency is relatively stable (Fig. 4.5 A, B, symbols). A similar trend in 
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which the increasing load reduces a motor’s power but does not change the ηGEMP is 
predicted by eqs. 4.4 and 4.5 (Fig. 4.5 A, B, curves), if the two rate ratios a, b are load 
independent. The rate ratios at a finite load are   not available for either motor from 
published experiments. But the rate ratios for both motors are likely load independent for 
 
Figure 4.5. Generalized power versus generalized efficiency of kinesin and F1-ATPase at different 
loads. In A & B, symbols are experimental data of kinesin from ref. [29] at high ATP concentration ([ATP] 
= 1 mM) and F1-ATPase from ref. [45] at low ATP concentration ([ATP] = 0.4 μM). In A, Lines are 
theoretical predictions for kinesin using the same ∆G and rate ratios (a and b) as in Fig. 4.3 A, and 
assuming the rate ratios are independent of load; kc at 0 load and its load dependence are obtained by fitting 




, p = 0.9, q = 0.1 and δ = 3.7 nm, 
F is force of the load), and the value at 0 load (165 s
-1
) is consistent with ref. [32, 38]. In B, lines are 
theoretical predictions for F1-ATPase using the rate ratios (a ~ 0.994, b ~ 0.012) [47, 130] at the low ATP 
concentration, and also assuming they are independent of load; kc at 0 load and its load dependence are 
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, p=0.8, q=0.2 
and θ = 0.5 rad, M is torque of the load), and the value at 0 load is consistent with ref. [47]. C & D shows 
that the experimental data of the speeds at high and low ATP concentrations have the same load 
dependence for kinesin and F1-ATPsase respectively. Lines in C and D are fittings by eqn. 4.4 assuming 
that a and b are independent of load. 
the two following reasons. First, ATP hydrolysis (k1,2) and ATP binding (k3,4) are rate-
limiting processes at high and low ATP concentrations for both motors, thus their 
velocity versus  load at very high and very low ATP concentrations directly reflects  the 
load dependence of k1,2 and k3,4. Indeed, the speed-load data of either motor exhibit 
virtually identical load dependence for the two extreme conditions (Fig. 4.5 C, D), 
suggesting a similar load dependencefor k1,2 and k3,4 . Second, both motors are enzymes 
with regard to the ehemical reaction of ATP hydrolysis; but an enzyme and external 
forces added to it normally change the energy barrier of the chemical reaction but not the 
free energy for the initial and final states of the reaction. Therefore, an enzyme or its 
associated external forces should not affect any rate ratio of reverse chemical processes 
such as ATP hydrolysis and synthesis (represented by k1,2 and k2,1) or ATP binding and 
dissociation (k3,4/k4,3), though the rates for individual processes may be changed. Hence 
k1,2/k2,1 and k3,4/k4,3 should be constant over load. Since the four catalytic rates share the 
same load dependence for kinesin and F1-ATPase, either motor has load-independent 
values for the a, b parameters.  Hence the patterns of load dependence for the generalized 




4.4.1 The concept of generalized efficiency 
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In this study, the generalized efficiency of molecular motors is defined based on the 
equality between directionality and its energy cost. For macroscopic engines whose 
energy input is typically on the magnitude of Avogadro number times kBT (i.e. G ~ 
6.021023 kBT) only a negligible amount of energy needs to be paid to keep a almost 
perfect direction of motion (a directionality of 1−3.8×10-22 requires only 100 kBT). In 
contrast, for molecular motors the amount of energy becomes a considerable portion of 
the small energy input (the energy input for kinesin and F1-ATPase is only ~ 20 kBT). 
Our definition includes this energy in the energy output. Astumian et al. also proposed a 
generalized efficiency [121] for microscopic engines, namely η = (F + γ∙v)∙d/ΔG. γ is the 
viscous drag coefficient and γ∙v∙d represents inevitable dissipation by viscous friction. 
Astumian et al. noticed that the inevitable viscous friction for microscopic engines has its 
origin on thermal fluctuations, and thus could not be replaced by externally applied force 
like for macroscopic engines. So they considered extra terms for viscous friction in the 
definition of energy output. More interestingly, one experiment measured the viscous 
force of moving F1-ATPases [46] and their data showed that by Astumian’s definition 
the generalized efficiency of F1-ATPase is also very close to 100%. As far as this motor 
is concerned, the generalized efficiency by our definition also approaches to 100%, 
namely 2kBTln((1+D)/(1−D)) ≈ γ∙v∙d. Therefore, our definition and Astumian’s definition 
are not contradicting but consistent to each other, as the energy price for directionality 
must be dissipated through the channel of viscous force. In the same experiment, γ and v 
were varied by changing the size of the attached bead, but γ∙v∙d remained a constant. This 
suggests that the least energy price is independent of v. And never the less, our definition 
is based on the equality of energy price for microscopic direction; hence it’s quantitative 





4.4.2 GEMP and Conventional EMP 
The GEMP differs profoundly from the conventional EMP. In the conventional definition 
the energy output equals to mechanical work, so the conventional EMP is solely 
determined by the load dependence of a motor’s speed. Whether the conventional EMP 
possesses any general thermodynamic limit is not clear. Studies on EMP for macroscopic 
engines [132, 133] and nanomotors [126, 127, 133] often explore the regime of linear 
response  or employ specific models to yield model-dependent results. The GEMP 
depends not only the load-dependent speed of a motor but also its energy consumption 
for directionality. Meaningful limits exist for the GEMP as closed in on by eq. 4.5 for 
aribirtary kinetic rates; and a sysntematic and exhaustive scan for the kinetic parameters 
yield a universal thermodynamic limit to which all molecular motors are subject to. The 
fact that kinesin motor works around its GEMP at any load up to the stall force implicates 
the GEMP but not the conventional EMP as a target of natural evolution of molecular 
motors from biology. Indeed, the equation of GEMP (eq. 4.5) has four parameters in total 
(energy supply ∆G, environmental temperature T, and two kinetic parameters A, B) which 
may all be subject to natural evolution. 
 
4.4.3 Energetic processes with kinetic asymmetry are favored 
The two rate ratios (a, b) are determined by the kinetic rates in energetic processes 1 → 2 
and 3 → 4. Since a/b = (1/k3,4 +1/k4,3)/( 1/k1,2 +1/k2,1), a/b represents kinetic asymmetry 
between the two energetic processes to a certain degree (symmetric processes lead to a/b 
= 1, but asymmetric processes may not). Generalized power (eq. 4.4) form stingray-
shaped surface not only at Pmax but also at certain ∆G and η generally (similar to Fig. 4.3 
C). The typical stingray-shaped surface (Fig. 4.3 C) suggests that performance of motors 
with kinetic asymmetry between the two energetic processes (a/b → 0 or ∞) is better than 
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with kinetic symmetry (a/b = 1). On the other hand, for both kinesin-1 and F1-ATPase, b 
are much larger than a (for F1-ATPase a ~ 0.007, b ~ 2 and for kinesin a ~ 1.67, b ~ 11) 
at biologic condition, implying that nature favors systems with the kinetic asymmetry. 
Systems with the kinetic asymmetry are probably good options for fabricating high-
performing artificial motors. 
 
4.5 Conclusions  
The main conclusions are:  
First, a generalized efficiency is proposed. Reported experimental data of kinesin and F1-
ATPase shows a constant generalized efficiency, directly suggesting its biological 
relevance. By further comparing our theory with reported experimental data, we find that 
with no load attached biological motor kinesin works at generalized efficiency at 
maximum generalized power, while F1-ATPase have an extreme good trade-off which 
enable it to gain a maximum efficiency ~ 100% and at the same time maintain a workable 
speed. The two predictions are consistent with the biological functions of the two motors, 
and are potentially valid under arbitrary load, though further support from experimental 
aspect is still needed.    
    Second, an equation of GEMP is derived. When scanning two kinetic parameters in the 
equation, the solution forms a stingray-shaped surface and has two symmetric upper 
limits. The stingray surface can serve as a unified standard to judge performance. When 
varying energy input, the general trend of GEMP is shown by two limits: when energy 
input approaches to 0, the GEMP of all different kinds of optimal motors converges to 
50%; when energy input increases to infinite large, the GEMP of motors is able to 
approach 100%.  
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      The generalized efficiency and power offer a new perspective to explore energetics 
and thermodynamics of molecular motors. In particular, the stingray surface defines a 
universal thermodynamic limit to all molecular motors. Indeed all molecular motors, 
from biology or nanotechnology, may be mapped to the stingray surface for a systematic 
comparison of performance. At present, experimental data are rather limited. Hopefully 
this study will stimulate biophysicists to systematically measure the kinetic rates and 
performance of the long list of biomolecular motors. The data from the future efforts may 
be used to further test the concepts of the generalized efficiency and power, and help 





Mechanics of Kar3/Vik1: a Molecular Fishing Effect 
 
5.1 Introduction 
Kar3 is a kinesin-14 motor protein that facilitates chromosome segregation in karyogamy 
[134] and mitosis [23]. Unlike many members of kinesin superfamily, Kar3 doesn’t 
function in the form of a homodimer in vivo. Instead, it forms a heterodimer with either 
of the two nonmotor proteins [117] Vik1 or Cik1. Kar3/Vik1 and Kar3/Cik1 
heterodimers both displayed minus-end directed movement [24, 116, 118] along the 
lateral surface of the microtubule (MT), and both promoted MT depolymerization [116, 
118]. Compared with the highly processive kinesin-1, the two heterodimers have a 
reduced processivity. As for their biological functions, there exists evidence [25, 117, 118] 
that Kar3/Cik1 induces plus-end microtubule depolymerization during karyogamy in 
yeast and Vik1 localizes Kar3 at the mitotic spindle-pole bodies. It remains unclear how 
the Kar3 heterodimers achieve the dual functionality of motility and depolymerase. 
Besides, presence of a nonmotor protein in the Kar3 heterodimers implies a motility 
mechanism that is different [119] from those for homodimeric kinesin motors [10, 20]. A 
recent study [116] reported the puzzling finding that ATPase activity of Kar3 led to 
detachment of the catalytically inactive Vik1 off MT. It was made more controversy by 
the observation [116] that Vik1 binds to MT stronger than Kar3. The underlying 
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mechanism by which hydrolysis at Kar3 drives dissociation of the “heavier” and crutch-
like Vik1 is unknown [119].  
      Kar3 has a C-terminal motor domain (often called head) that extends into an -helical 
neck domain responsible for dimerization. Similarly, Vik1 possesses a C-terminal 
globular domain (referred to as head too in this paper) that binds MT, and a helical neck 
domain that forms coiled coils with Kar3 neck. Structural comparison [116, 135] revealed 
a remarkable similarity in the fold of C-terminal globular domain of Vik1 and that of 
Kar3 motor domain, though the former lacks a catalytic site. It was suggested [116] that 
Vik1 and Cik1may both have evolved from ancient forms of kinesin-14. Besides, the 
sequences and structures [116, 135] of Kar3 motor domain and Vik1 globular domain are 
similar to those of Ncd, another member of kinesin-14 family. Recent studies [116] found 
that Kar3/Vik1 heterodimer resembles Ncd homodimer in many aspects [116]. 
      On the basis of existing structural [116, 135, 136], kinetic [116, 118, 120, 137] and 
motility [24, 116, 118] studies, and by exploiting the Kar3-Ncd homology, we 
constructed here a mechanical model for Kar3/Vik1 heterodimer. The computed 
distribution and magnitude of the inter-head mechanical strain exposed an ATP-
dependent mechanical transmission mechanism, by which ATP binding to Kar3 and 
thereby elevated inter-head strain dissociates not Kar3 but the “stickier” Vik1 off MT. 
This resembles a common fishing tactic albeit on molecular scale. This molecular 
“fishing” was found to facilitate minus-end motility of Kar3/Vik1 on MT lattice, and also 





Figure 5.1. Mechanics and energies of Kar3/Vik1. A, B. Mechanical models for Kar3/Vik1 in 
nucleotide-free state (A) and in ATP-bound state (B). The bold green lines indicate helical necks for Kar3 
and Vik1. The filled circles indicate the residue at the head-neck junction (Gly385 for Kar3 and Gly373 for 
Vik1), and highlight the part of Kar3 neck that interacts with the catalytic core. C. Computed free energies 
for the two Kar3/Vik1 states. State A is the nucleotide-free state and state B is ATP-bound state. The 
single-head Kar3-MT binding energy was shown as a reference. The results were obtained with the coiled 
coil unwinding energy of 0.3 kBT (~ 0.75 kJ/mol) per residue. The neck persistence length and helix-coil 
transition threshold were scanned over a range that is sufficiently broad to encompass the relevant values 
for Kar3/Vik1. D, E. Mechanical properties of Kar1/Vik1 necks. The shadowed area in D indicates values 
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for neck persistence length and helix-coil transition threshold relevant to Kar3/Vik1. The lower line is the 
intersection of the free-energy profiles of state B and Kar3-MT binding (Fig. 5.1 C). The upper line is the 
intersection of the free-energy profiles of state B and state A with the latter being promoted by ATP-
binding energy (33.8 kJ/mol). The shadow in E indicates the relevant values for the coiled coil unwinding 
energy. 
5.2 Methods 
5.2.1 Mechanical model for MT-bound states of Kar3/Vik1 heterodimer 
The primary purpose is to model the inter-head strains, the structural distortions and 
thermodynamic stability of the two major two-headed Kar3/Vik1-MT binding states (Fig. 
5.1 A, B) discovered in previous experimental studies. We assumed that Kar3 and Vik1 
bind to the same protofilament, and constructed a two-dimensional mechanical model. 
The method is a system-level free-energy analysis [103], which had been successful in 
exposing head-head coordination mechanisms for dimeric motors [70, 103-105]. The 
total free energy for a Kar3/Vik1-MT state (Ftotal) is a sum of free energies associated 
with head-MT bindings (Fbind), mechanical deformation of the necks (Fneck), and 
unwinding of the coiled coil junction (Fcoil): Ftotal =Fbind +Fneck +Fcoil.  The binding 
energies Fbind  were taken from experimentally measured values [116], which are - 42.5 
kJ/mol for Vik1, - 39.8 kJ/mol for Kar3 in ATP-bound or nucleotide-free state.   
      Free energy associated with mechanical deformation of the two necks Fneck is a sum 
of free energies associated with each neck Fneck = FK+FV. The subscript K and V denote 
Kar3 and Vik1 respectively. In the ATP-free Kar3/Vik1 state, the first ~ 20 residues of 
Kar3 neck (from Gly385 to Leu366) are essentially immobilized on the catalytic core 
[138], and was treated as a fixed, rigid component. The rest mobile portion of Kar3 neck 
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and the entire Vik1 neck were treated as soft, continuous rods. In the ATP-bound state, 
the immobilized part sustaining the ATP-specific, minus-end orientation is shorter, and 
contains only the first ~ 12 residues of the neck [139, 140] (Fig. 5.1 A). Because Kar3 
maintains robust nucleotide-dependent neck orientations and Vik1 allows pliant neck 
orientations, the main effect of the inter-head strain in both of the two-headed binding 
states is to bend Kar3 neck but stretch Vik1 neck. Kar3 neck stretching was not 
considered in our model as an approximation. A neck, either of Kar3 or of Vik1, will be 
stretched only by the force component parallel to the neck. But such a parallel force 
component on Kar3 neck is much smaller than that on Vik1 neck. Therefore, Kar3 neck 
stretching will not significantly change the result. The free energies associated with the 
two necks were calculated accordingly as follows. 
      The bending of the -helical neck of Kar3 was modeled using the beam equation [6]  
M(s)=EI/R(s). Here s is the contour distance along the rod, and 1/R(s) is the curvature of 
the bending rod. M=fK ×X(s) is the bending moment caused by bending force fK. X(s) is 
the position vector pointing from the point where the bending force is applied to the point 
s. EI=kBTlpα is the flexural rigidity of the neck α-helices with lpα being persistence length 
of the helical neck. Solving the beam equation yields the rod shape R(s), which further 







      The free energy associated with the stretching of Vik1 neck was calculated using the 
force-extension relationship as   dzzfF VV . We assumed a force-extension dependence 
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This force-extension relationship models the neck as an elastic rod under stretch, then a 
helix-coil transition when the stretching force is raised above a threshold fT, and at last a 
random coil for even higher forces. In the first regime, the α-helix structure is still 
maintained so it can be modeled as an elastic rod. In the second regime, the α-helix 
structure is being destroyed and becomes partially random coils. During this helix-coil 
transition, the force is maintained around a certain value with small fluctuations. We 
model the force as a constant fT. In the third regime, all of the α-helix neck has become 
random coil, which was modeled as a worm-like chain. Here fV is the stretching force 
applied at the ends of the Vik1 neck; z is the average end-to-end extension. The elastic 
constant for weak stretch is ks=4kBTlpα/(r
2
l0), where r is the radius of the helical neck. 
l0=N×0.167 (nm) is the length of the unstretched neck α-helices with N being the number 
of residues. lT =l0 +fT /ks is the neck extension when helix-coil transition starts to occur. lS 
is the neck extension when the neck helices are stretched into random coils completely, 
and lC =N×3.6 (nm) is the total contour length of the neck random coils. The peptide 
persistence length of random coil is taken from pervious computational studies [103, 141, 
142] as lpr=0.8 (nm). 
      The free energy change caused by the coiled coil unwinding was assumed to be 
proportional to the number of released residues. Fcoil =NUnwind.  Unwind is the coiled coil 





Figure 5.2. Molecular fishing effect. A, B. Schematic illustrations for a fishing tactic in common practice 
of fishermen (A), and for a similar “fishing” effect for Kar3/Vik1 (B). The bold arrows indicate a pulling 
force caused by a struggling fish or the MT-bound Vik1. C, D. Fishing-induced forces on Vik1. C shows 
the total force and D shows the vertical component. The results were obtained with the coiled coil 
unwinding energy of 0.3 kBT (~ 0.75 kJ/mol) per residue. The neck persistence length and helix-coil 
transition threshold were scanned over the values pertinent to Kar3/Vik1. The bold lines in C indicate the 





5.2.2 Minimization of total free energy 
The two processes of helix-coil transition and coiled-coil unwinding compete to occur 
when the inter-head strain is raised above certain thresholds. Reversely, either process, 
once it occurs, will reduce the strain, which in turn reduces the chance for the other 
process to occur. Therefore, the two processes contribute to the total free energy of 
Kar3/Vik1 system in an inter-dependent way. The total free energy of the heterodimer 
must be minimized to determine the functional states. The number of residues in the neck 
(N) is changed by the coiled coil unwinding, while the position of the coiled coil fork 
(marked M in Fig. 5.2 B) is subject to both the unwinding and the helix-coil transition. In 
another word, the total free energy is a function of N and the position of M, namely 
Ftotal(N; xM, zM). We assumed that all the residues in the necks are in coiled coil structure 
before unwinding. The value of N largely determines the free energy associated with the 
coiled coils (Fcoil). xM, zM and N together determine the shape of Kar3 and Vik1 necks, 
and thereby the free energy associated with the two necks (Fneck).  
      In this study, we searched for the minimum total free energy by scanning the three 
variables N, xM and zM. The free energy minimization process is a two-dimensional scan. 
For the two-headed binding state without ATP (Fig. 5.1 A), we first systematically 
scanned the possible positions of the coiled coil fork for a fixed value of N to find the M 
position by which the bending force of Kar3 neck cancels the stretching force of Vik1 
neck in the two-dimensional plane, i.e. fK(xM, zM)= fV(xM, zM). The condition of force 
balance amounts to minimization of free energy over M position. The resultant free 
energy is a partially minimized free energy at this number of N. The partial minimization 
procedure over M position was repeated for each individual value of N. Comparing the 
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partially minimized free energies obtained for different N values yielded the final 
minimized free energy. For the two-headed binding state with ATP (Fig. 5.1 B), we fixed 
N as 44 because two leucine-leucine contacts occur between Kar3 and Vik1 necks around 
44
th
 residues. The two leu-leu contacts form strong interactions between the two necks, 
and likely prevent further unwinding of the coiled coils. Then finding the M position 
satisfying the force balance yielded the final minimized total free energy. 
 
5.2.3 Mechanical properties of Kar3/Vik1 necks 
The experiments [116] on Kar3/Vik1 implicates two two-headed dimer-MT binding 
states in which Kar3 binds MT to the minus end (see illustrations in Fig. 5.1 A, B). Kar3 
is nucleotide-free in one state and ATP-bound in the other. It has been found [140] that 
ATP binding to an MT-bound Ncd causes a “lever arm” rotation of  the neck by ~ 70° 
toward MT minus end. The neck orientation relative to MT plus end is ~ 46° when the 
head  is nucleotide-free, and ~ 113° when it is ATP-bound [139, 140]. A similar ATP-
dependent neck rotation is believed [116] to occur in Kar3. The major residues that hold 
the neck in the two nucleotide-specific orientations in Ncd were also found in Kar3 [116]. 
The pivot point allowing the neck rotation is a glycine residue that is highly conserved 
among the kinesin superfamily and in Vik1. Following the Kar3-Ncd homology [116, 
139, 140], we assumed that the Kar3 neck orientation relative to MT plus end is θ = 46° 
when the MT-bound Kar3 is nucleotide-free, and θ = 113° when it is ATP-bound. The 
neck orientation of non-ATPase Vik1 is decoupled from nucleotides, and is relatively 
pliant [116]. In both of the Kar3/Vik1-MT states, the Vik1 neck is close to a collinear 
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shape and points to MT minus end [116]. We did not consider the dimer-MT binding 
state in which the Kar3 and Vik1 exchange positions because of two reasons. First, no 
sliding experiments found any sign of presence of the opposite-order binding. Second, 
our computation found that free energy of this state is much higher than the two states in 
figure 5.1. 
      In the model, three mechanical properties of Kar3/Vik1 affect its inter-head strains, 
which are persistence length for -helices (lpα), threshold stretching force for helix-coil 
transition (fT) and average free-energy change by coiled coil unwinding. Combined 
experimental findings on Kar3/Vik1 and other homologous proteins (see below), the best 
inferred values are 10 - 25 nm for neck persistence length, 10 - 20 pN for helix-coil 
transition threshold, and 0.62 - 1.25 kJ/mol per residue for coiled coil unwinding energy. 
      A measurement [113] found that myosin coiled coils, which are made of two -
helices, have a persistence length of 25  10 nm. The two helices exhibit a transition from 
helical structure to random coils under a stretching force between 24 - 40 pN. These data 
of myosin coiled coils may be regarded as upper limits for Kar3/Vik1 necks, which are 
single  helices. The neck persistence length is likely below 35 nm. The threshold force 
for helix-coil transition for the necks is close to half of that for myosin coiled coils, i.e. 
between 10 – 20 pN. Measurements [143] on kinesin-1 coiled coils yielded an average 
unwinding energy lower than 1.25 kJ/mol per residue, which likely applies to Kar3/Vik1 
too. 
      The mechanical parameters of Kar3/Vik1 can be further narrowed using other 
experiments on the heterodimer. First, ATP binding to Kar3 amounts to a transition from 
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the stable state to the higher-energy transient state, the free-energy difference between the 
two states is smaller than the free energy available from ATP binding(~ 33.8 kJ/mol [33]). 
Second, the experimentally confirmed transient nature [116] of the ATP-bound 
Kar3/Vik1 state suggests that its free energy is higher than single-headed binding 
energies. We used the above two requirements to narrow down the parameters. We 
computed the free energies for the stable and transient states by fixing a proper value for 
the coiled coil unwinding energy but scanning over sufficiently broad values for neck 
persistence length and helix-coil transition threshold (5 nm < lpα < 50 nm, 5 pN< fT < 50 
pN) (Fig 5.1C). Applying the above two requirements yielded two lines on the fT - lpα plot 
(Fig. 1D). The two lines yield the range of lpα pertinent to Kar3/Vik1, namely 10 nm < lpα 
< 25 nm (shaded for reference in Fig. 5.1 E). Furthermore, the experimental finding [116] 
of a non trivial amount of single-headed Kar3/Vik1-MT bindings in nucleotide-free 
environment suggests that the free energy of the stable state is lower than single-headed 
binding energies but not far from them. The difference should be on the magnitude of 
several kBT. The yielded an average unwinding energy between 0.26 – 0.5 kBT (~ 0.62 -
1.25 kJ/mol) per residue (Fig. 5.1 E). 
 
5.3 Results 
5.3.1 Stabilities of microtubule-bound states of Kar3/Vik1 
According to Boltzmann’s law, the free energies quantify thermodynamic stability of the 
states. For all the values of α-helix persistence length and helix-coil transition threshold 
which are chose in Method, the free energy for the dimer-MT state with or without ATP 
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is respectively higher or lower than the single-head binding energies (Fig.5.1 C). These 
results suggest that the ATP-free state is thermodynamically stable, and the ATP-bound 
state is a transient state that readily decays to a single-headed state by head dissociation. 
The predicted thermodynamic stabilities for the two states are consistent with the 
experimental observation [116]. The structures of the two states suggest that the 
Kar3/Vik1 necks are more stressed in the transient state than in the stable state. The 
elevated strain is caused by ATP-induced re-orientation of Kar3 neck. 
      The mechanical computation found that the free energy of the ATP-free state is 
mostly affected by the stability of coiled coils but rather insensitive to the neck stiffness 
and the neck helix stability (Fig. 5.1 C, E). When the coiled coil unwinding energy is 
higher than 0.5 kBT (~ 1.25 kJ/mol), the two-headed binding nucleotide-free state will 
become thermodynamically unstable because its free energy becomes higher than the 
single-headed bindings (Fig. 5.1 E). This would allow no stable two-headed binding, and 
contradicts experimental observation [116]. These results suggest that Kar3/Vik1 likely 
possesses a modest coiled coil stability (average unwinding energy < 1.25 kJ/mol) in line 
with experimental findings [143]. 
 
5.3.2 A molecular “fishing” effect driven by ATP binding 
The strain distribution in the ATP-bound transient state computed from the mechanical 
model reveals a mechanical effect by which ATP binding to Kar3, and the thereby 
elevated inter-head strain dissociates not Kar3 but the “stickier” Vik1 off MT. Because 
the Kar3 neck is held by the ATP-bound catalytic core towards MT minus end, the 
76 
 
pulling of the coiled coil fork by Vik1 neck effectively causes a pressing force at the 
Kar3-MT binding interface (see force analysis in Fig. 5.2 B). Because the reaction 
coordinate of the dissociation (i.e. vertical displacement of Kar3 away from microtubule) 
goes against the pressing force, the force will produce an energy barrier for dissociation. 
Therefore, the Kar3 dissociation will be slowed down if Kar3 is subject to a pressing 
force towards the microtubule. As for Vik1, the Kar3 neck bending transmits a vertical 
force that tends to lift Vik1 off MT. Consequently, the head-MT binding interface is 
stabilized for Kar3 but destabilized for Vik1. Interestingly, this resembles a familiar tactic 
for fishing, in which the fisherman holding the fishing rod leans backward to channel the 
pulling force of a struggling fish into a pressing to the ground (illustrated by Fig. 5.2 A). 
Essentially, the ATP-bound Kar3 exercises a molecular “fishing” to destabilize Vik1 
binding while solidifying its own stand. 
      The fishing force fV is above 6 - 19 pN for the mechanical parameters relevant for the 
Kar3/Vik1, and the vertical component is 4 - 12 pN (Fig. 5.2). Previous experiments [144] 
found an average unbinding force of ~ 7 pN for mechanical detachment of a single, 
nucleotide-free head of kinesin-1 off MT. Because Kinesin-1, Ncd, Kar3 and Vik1 share 
major residues that form direct contacts with MT [116, 135, 138], it is reasonable to 
assume an unbinding force of similar magnitude for Vik1. Thus, it may be safely 
concluded that the ATP-driven fishing is a sufficient cause for Vik1 dissociation.  
      Experiments [111] on kinesin-1 found that the head dissociation rate changes with the 
force by the equation γ(f)≈exp(fd/kBT)γ(f=0), where d = 3 – 4 nm and γ(f=0) =1/150 s
-1
 
for the rate for fluctuation-induced dissociation. The crystal structure [116] of Vik1 
shows MT-binding motifs similar to those of kinesin-1, though the former does not 
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possess an ATP binding pocket . So the force-rate relation of kinesin-1 can be used as a 
good approximation for estimating the rate for fishing-induced Vik1 dissociation. We 
used a small d value of 3 nm for a conservative estimation. The lower and upper limits of 
x-component of fishing force (4.5 and 15 pN) yield a Vik1 dissociation rate of ~ 0.2 and 
350 s
-1
, respectively. For a medium fishing force of 10 pN, which is accessible for a 
substantial portion of the Kar3/Vik1 parameters, the dissociation rate reaches 10 s
-1
. The 
velocity of Kar3/Vik1 found in experiment [116] is ~ 50 nm·s
-1
, which amounts to ~ 6 
steps per second. The dissociation rate of 10 s
-1 
is sufficient to support this level of 
Kar3/Vik1 motility. 
      The fishing rationalizes the puzzling observation of preferential dissociation of 
nonmotor Vik1. Allingham et al. [116] found that the dissociation constant Kd,MT for 
Kar3/Vik1 dimer is close to that for Kar3 monomer in the presence of AMPPNP (a non-
hydrolysable analog of ATP) . This suggests that the dominant state of the AMPPNP 
complex of Kar3/Vik1 is a single-headed Kar3-MT binding (instead of stronger Vik1-MT 
binding). This intricate finding is rationalized by the fishing effect. Although the ATP-
free two-headed state exists initially, binding of the ATP analog to Kar3 causes the 
fishing effect that subsequently dissociates Vik1. Consequently, the AMPPNP-bound 
Kar3/Vik1 was saturated into the single-headed MT-Kar3 binding state. 
 
5.3.3 Kinesin-MT binding interface is evolved to better resist destabilizing torque  
By the fishing, the Kar3 head experiences an overall force that presses it against MT so 
as to stabilize the Kar3-MT binding interface. On the other hand, the intra-strain produces 
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a clockwise torque on Kar3 with reference to its center of mass (marked O in Fig. 5.2 B). 
The torque tends to rotate Kar3 and destabilize the minus-end edge of the Kar3-MT 
binding interface while stabilizing the plus-end edge. For the fishing mechanism to work, 
the Kar3-MT binding must withstand the destabilizing clockwise torque.  
      Previous experiments [111] indicate that kinesin family motors indeed resists 
clockwise rotation better than counter-clockwise one. First, structural studies suggested 
that kinesin family motors from Kar3, Ncd to the processive kinesin-1 share similar MT-
binding interfaces with a common inherent asymmetry [114], although kinesin-1 is a 
plus-end-directed motor and the former two are minus-end-directed. Second, a clockwise 
(counter-clockwise) torque on kinesin-1 is caused by a pulling force applied towards the 
minus (plus) end, and a mechanical experiment [111] found evidence that kinesin better 
resists the minus-end pulling, i.e. clockwise torque. Kinesin-1 possesses random-coil 
neck linkers while Kar3 possesses helical necks. But both the neck linkers and helical 
necks emerge out of the catalytic cores at similar positions close to the MT-binding 
surface. Therefore, a clockwise torque results from a plus-end-directed fishing force in 
Kar3 but a minus-end-directed pulling in kinesin-1. Future mechanical experiment on 
Kar3 will provide more insights into its binding asymmetry with MT. 
      Interestingly, the present model suggests that a relatively large fishing force might be 
retained for a relatively small destabilizing torque. Figure 5.3 B shows the torque and 
fishing force versus hypothetical variation of the ATP-induced neck orientation (θ). The 
results suggest existence of a range of θ (θ>105°) where the fishing force is maintained or 
increased but the torque is reduced. This is because the torque depends not only on the 




Figure 5.3. Torques caused by the fishing effect. A. Illstration of bending tubulin filament by fishing 
effect. The arrows with dash line are opposite rotation directions of the two neighbor tubulin dimer. The 
arrows with solid line are forces applied on tubulin filament by fishing effect. B. Fishing force f and torque 
versus the ATP-dependent neck orientation θ. The torque is defined as rOM× f  where O is the reference 
point and chosen to be the center-of-mass, rOM is the vector linking from O to the coiled coil fork M. The 
red line with triangle is the fishing force and black line with rectangle is the torque. C. The torques on the 
Kar3-bound and Vik1-boundtubulin dimmer with reference to the inter-dimer joint N (see Fig. 5.2 B). The 
results of (A) and (B) were obtained with the coiled coil unwinding energy of 0.3 kBT (~ 0.75 kJ/mol) per 
residue, neck persistence length of 20 nm and helix-coil transition threshold of 10 pN. D. Illustration of 
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Kar3/Vik1 assisting MT depolymerization by the ATP-driven fishing effect. The solid arrows indicate the 
forces that are caused by the dimer at the frayed ends of MT. 
5.3.4 The fishing force promotes MT depolymerization 
It is known that GTP hydrolysis induces a bend within and between - tubulin dimmers 
[22], which causes outward curvature in protofilaments and destabilizes MT. The 
subunits bending serves as a power stroke by which the GTP-hydrolysis energy stored in 
the lattice is released at MT ends to power deploymerization [22]. Thus the subunits 
bending is a major reaction coordinate for MT deploymerization. When Kar3/Vik1 forms 
the stable two-headed binding at MT ends, the ATP-driven fishing tends to bend neighbor 
tubulin dimers along the protofilament, and thereby channels ATP hydrolysis energy into 
the reaction coordinate of MT depolymerization. The overall force on the binding 
interface of Vik1-tubulin produces a counter-clockwise torque (Fig. 5.3 A). Although the 
overall force on the binding interface of Kar3-tubulin is a pressing force against tubulin 
filament, the force distribution along the interface produces a clockwise torque. 
Specifically, the perpendicular force on the Kar3-bound α-tubulin is smaller and pointing 
upward, and the force on the Kar3-bouind β-tubulin is bigger and pointing downward. 
Viewing from the middle point between the Kar3-bound tubulin dimer and the Vik1-
bound dimer (point N in Fig. 5.3 A), the upward force locates further, and produces a 
larger torque than the downward force. Thus, the total torque on the Kar3-bound dimer is 
clockwise.  
      We computed the fishing-induced torque on the Kar3-bound and Vik1-bound tubulin 
dimers with reference to the inter-dimer joint (marked N in Fig. 5.3 A). Without external 
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load the torques on the two tubulin dimers equal to each other. Their value is 24 –29 
nm·pN for θ between 95 – 145°. During depolymerization, one tubulin dimer can bend up 
to 20° relative to the inner neighbor [145]. Then, ~ 5 – 6.3 kJ/mol energy will be 
channeled into the deploymerization reaction by the fishing effect. The energy barrier for 
bending-activated deplymerization was estimated to be ~ 28.1 kJ/mol in a previous study 
[145]. Thus, the ATP-driven fishing reduces the deploymerization barrier non-trivially, 
and increases the subunits release rate by 7 – 12 folds. 
 
5.3.5 Asymmetry of fishing-promoted depolymerization 
In the MT gliding experiment [146], the Kar3 preferentially depolymerizes the minus end 
of microtubule. But in the other experiments [116] in which the microtubule is fixed, the 
Kar3/Vik1 heterodimer preferentially depolymerizes the plus end. The different results 
can not be explained by the inherent differences between the filament ends, because the 
inherent difference is the same in the two kinds of experiments. Our fishing model 
predicts different mechanical situations in the two kinds of experiments. This can 
qualitatively explain why the results are different. 
      In MT gliding experiment [146], the Kar3/Vik1 heterodimer is effectively under an 
external force towards plus end (see illustrations Fig. 5.4 A, D). When such an external 
load exists, the bending force of Kar3 neck does not equal to stretching force of Vik1 
neck any more (Fig. 5.4 A). When the load is increased from 0 to 10 pN, the bending 
force increases from 10 to 16 pN, but the stretching force drops from 10 to 7 pN (Fig. 5.4 
B). At zero load, the torques on the Kar3-bound and Vik1-bound tubulin dimer are both ~ 
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30 nm∙pN (Fig. 5.4 C). When the load is raised to 10 pN, the torque on the Kar3-bound 
tubulin 
 
Figure 5.4. Fishing forces and torques under external load. A. Illustrations of the fishing effect in the 
presence of external load applied towards the plus end (fopp). fK is the bending force of Kar3 neck. fV is the 
stretching force of Vik1 neck. B. The bending force and the stretching force versus the load. C. The torques 
on the Kar3-bound and Vik1-bound tubulin dimmers versus the load. The results of (B) and (C) were 
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obtained with the coiled coil unwinding energy of 0.3 kBT (~ 0.75 kJ/mol) per residue, neck persistence 
length of 20 nm and helix-coil transition threshold of 10 pN. D. Illustration of MT gliding assay. ATP 
hydrolysis of Kar3 tends to drive MT gliding toward the plus end. 
dimer increases to 70 nmpN, and the torque on the Vik1-bound tubulin dimer decreases 
to ~ 20 nmpN. The first (second) torque will primarily contribute to the MT 
deploymerization, when the Kar3/Vik1 dimer interacts with the minus (plus) end. These 
results suggest that the fishing-based deplomerization is more effective at the minus end 
than plus end under the loading condition typical of MT gliding experiment. This agrees 
with the experiment [146] of Endow et al. in which MT deploymerization was observed 
to occur preferentially at the minus end in a gliding assay. 
      At zero or low loads, this study predicts similar magnitudes for the fishing-generated 
torques at both ends of MT. However, the actual effectiveness of the fishing-promoted 
depolymerization depends not only on the fishing torques, but also on the binding affinity 
of the Kar3/Vik1 dimer at the two ends of MT. Previous experiments [118] found 
evidence that Cik1 preferentially positions the dimer to a binding at the plus end. This 
might explain a preferred  plus-end depolymerization recently observed in a real-time 
microscopy assay where Kar3/Vik1 dimers bind freely to MTs  under no external load.  
 
5.3.6 Inter-head strain and neck structural changes in Kar3/Vik1-MT binding 
The mechanical model predicted that the inter-head strain in the thermodynamically 
stable and experimentally detectable Kar3-Vik1 state is 2.3 – 7.5 pN over the biological 
relevant values for the neck mechanical parameters (Fig. 5.5 A). This Kar3/Vik1 strain is 
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higher than the intramolecular force for homodimeric myosin V (~ 3 pN [12, 13]) but 
lower than that for homodimeric kinesin-1 (> 12 pN [39, 103]). Allingham et al. [116] 
suggested two possible Kar3/Vik1-MT binding modes, one is simultaneous Kar3/Vik1 
bindings to the same MT protofilament analogous to kinesin-1, and the other is separate 
bindings to adjacent protofilaments. The present model is based on the former mode. The 
modest inter-head strains found here confirm the feasibility of the kinesin-1-like binding 
mode for Kar3/Vik1.  
 
 
Figure 5.5. Inter-head strain and neck structural changes in Kar3/Vik1-MT binding. A. Inter-head 
force in the thermodynamically stable, ATP-free Kar3/Vik1 state. The results were obtained using the same 
parameters as for Fig. 5.2 C, D. B. Computed free energy for the stable Kar3/Vik1 state versus the number 
of residues released from the coiled coil fork (counted from the Kar3 pivot residue Gly385 to the coiled 
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coil fork). The free-energy minimum indicates the thermodynamically favored number of unwound 
residues. The results were obtained using an average unwinding energy of 0.3 kBT (~ 0.75 kJ/mol) per 
residue and a helix-coil transition threshold of 15 pN. The neck persistence length was scanned over the 
values pertinent to Kar3/Vik1. C. The number of unwound residues likely occurring for stable Kar3/Vik1-
MT binding (shadowed area). The results were obtained by the energy minimization as for B but for a fixed 
neck persistence length of 17 nm and scanning over a broad hypothetical change of unwinding energy.  
      The model predicted non trivial structural changes in the neck regions of Kar3/Vik1 
when they interact with MT. The results show that coiled coil unwinding likely occurs in 
the stable Kar3/Vik1-MT binding state. A free-energy minimization for the Kar3/Vik1 
state predicted that the inter-head strain can push the coiled coil fork ~ 30 residues up 
from the neck pivots (Gly385 of Kar3 or Gly373 of Vik1) (Fig. 5.5 B). A test calculation 
for a wide hypothetical change of the averaging unwinding energy found that the number 
of unwound residues remains stable over the range of unwinding energy relevant to 
Kar3/Vik1, and drops for higher unwinding energy (Fig. 5.5 C). In the transient ATP-
bound state, there is likely more coiled coil unwinding because of higher strains. But the 
coiled coil unwinding in the stable ATP-free state is more readily detectable in future 
experiment.  
      The model predicted that a helix-coil transition can probably occur transiently during 
the ATP-driven fishing, but not in the stable ATP-free state.  The inter-head strain in the 
transient ATP-bound state can go beyond the transition threshold for a small portion of 
the Kar3/Vik1 parameters (indicated by the bold lines in Fig. 5.2 C), mostly for a large 
neck persistence length. Consequently, the helix-coil transition can occur during the 
fishing if the necks are stiff enough. The inter-head strain in the stable state remains 
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below the threshold over all of the Kar3/Vik1 parameters (Fig. 5.5 A), implying an 
unlikely helix-coil transition for the stable Kar3/Vik1-MT binding state. 
 
Figure 5.6.  Motility based on ATP-driven fishing. Chemomechanical cycle for ATP-dependent motility 




5.4 Discussions  
5.4.1 Chemomechanical cycle for Kar3/Vik1 motility based on the ATP-driven 
fishing effect 
The energetic view for Kar3/Vik1-MT interactions obtained in this study suggests a 
major chemomechanical cycle for ATP-driven motility for the heterodimer (see 
illustration Fig. 5.6). Upon a diffusive encounter between the dimer and MT, Vik1 likely 
binds first because of its relatively high affinity with MT. The low-energy two-headed 
binding state then forms by subsequent Kar3 binding, which likely occurs at the site on 
the minus-end side of Vik1 due to the plus-end pointing neck of Kar3. ATP binding to 
Kar3 promotes the dimer-MT to the higher-energy transient state. By the fishing effect, 
Vik1 but not Kar3 is dissociated off MT. The rate for Vik1 dissociation by the ATP-
driven fishing (estimated here as ~  100 s
-1
) is likely higher than the hydrolysis rate for 
MT-bound Kar3 (~ 16 - 70 s
-1
) [120, 137]. Thus, the fishing-enabled Vik1 dissociation 
competes favorably with the hydrolysis-enabled Kar3 dissociation. The ATP-dependent 
Vik1 dissociation vigorously slides the cargo one step towards MT minus end. Therefore, 
the ATP-driven fishing serves not only as a head-dissociation mechanism but also as a 
force-generating mechanism (power stroke) in the motility cycle. After the Vik1 
dissociation, Kar3/Vik1 is lowered down to the single-headed Kar3-MT binding. 
Subsequent hydrolysis and Pi release detach the entire dimer of MT to completes the 
motility cycle. The motility cycle assumes that Kar3/Vik1 dimer binds to the same 
protofilament, and is essentially the same as a previous proposal by Allingham et al. 
[116]. Only the step of Vik1 detachment, whose cause was previously unknown, is now 
elucidated by the ATP-driven fishing effect.  
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      As pointed out by Allingham et al. [116], a competing scenario is that Kar3/Vik1 
binds to two nearby protofilaments. This scenario has a relatively lower intramolecular 
strain, and had been postulated for kinesin-1 too. However, later studies [147] on kinesin-
1 ruled out this possibility. Theoretical modelings [103] suggested that a certain level of 
intramoelcular strain is necessary for kinesin-1’s motility function. Future studies are 
needed to distinguish between the two binding scenarios for Kar3/Vik1. 
 
5.4.2 Chemomechanical coupling ratio of fishing-based motility 
A unique feature of the fishing mechanism is that it allows consumption of a single ATP 
molecule to enable two dissociation events. In the motility cycle, ATP binding first 
dissociates Vik1 by the fishing, and subsequent hydrolysis and Pi release dissociates the 
Kar3 later. This can cause a distinct chemomechanical coupling ratio for Kar3/Vik1 
motility if Vik1-MT binding has a chance to occur prior to Kar3 dissociation. In this 
scenario, Vik1 more likely binds the site on the minus-end side of Kar3 as biased by the 
minus-end-pointing neck of the still ATP-bound Kar3 (see Fig. 4 A). The post-hydrolysis, 
dissociated Kar3, with its reversed neck orientation, then tends to bind MT on the minus-
end side of Vik1 (similar to the start of the motility cycle upon a diffusive dimer-MT 
encounter). By the above scenario, the center-of-mass of the dimer is shifted ~ 16 nm 
towards the minus end albeit by consumption of only one ATP molecule. Consequently, 
the Kar3/Vik1 motility will exhibit a chemomechanical coupling ratio above 1 if the 
above scenario works in Kar3/Vik1. This is in sharp contrast to the tight coupling of one 
ATP hydrolysis per ~ 8 nm step (i.e. per dissociation event) observed [26, 34] for the 
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alternating head catalysis of kinesin-1. The possibility of this scenario is there, but 
whether the heterodimer mainly functions by this ratio remains unclear. Future 
measurements of the Kar3/Vik1 chemomechanical ratio, particularly at single-motor level, 
are desirable, as the measured ratio will provide a signal uniquely attributable to the 
underlying fishing mechanism. 
 
5.4.3 The fishing promotes MT deploymerization by a mechanochemical effect 
The fishing-promoted depolymerization is essentially a mechanics-to-chemistry 
transduction in which the fishing-enabled mechanical twist channels energy into the MT 
depolymerization reaction. In the fishing-based depolymerase mechanism, the promotion 
of depolymerization is a direct consequence of ATPase activity of Kar3. This ATP-
depolymerase correlation is in line with the experimental finding [118] that Kar3-induced 
deplomerization proceeds one step at a time, releasing a single tubulin dimer by each 
ATPase cycle. Such a tight coupling was not observed for homodimeric depolymerases 
like KIF2C and MCAK from kinesin-13 family [148]. Besides, it was suggested [148] 
that KIF2C and MCAK do not actively curve or peel the protofilament, but instead 
stabilizes a sufficiently curved conformation of the protofilament to promote 
deploymerization.  
 
5.4.4 The fishing is a new mechanism for head-head coordination 
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For nonprocessive homodimers like Ncd and muscle myosin, which normally forms a 
single-headed binding to the track, ATPase activity of the track-bound head apparently 
triggers the head dissociation off the track [10, 140]. For processive homodimers [11, 20] 
like kinesin-1, myosin V and cytoplasmic dynein, a two-headed binding with the track 
regularly occurs in which non trivial inter-head mechanical strain builds up. The head 
that first undergoes nucleotide-dependent weakening will be detached first, often assisted 
by the inter-head strain. So the paradigmatic mechanism for head dissociation in these 
homodimeric motors, processive and nonprocessive alike, is that ATP hydrolysis by a 
head powers its own dissociation locally, and always the weaker head dissociates first. 
The fishing-based dissociation mechanism in Kar3/Vik1 deviates from the homodimers 
paradigm both in dissociation pattern and in chemomechanical coupling ratio.  
      Besides, the head-head coordination in processive homodimeric motors [11, 20] often 
takes the form of alternating head catalysis [35], which ensures the rear head to undergo 
nucleotide-dependent weakening first and thereby to dissociate preferentially. The fishing 
leads to a novel head-head coordination in which the chemical energy released at Kar3 is 
transmitted to a mechanical lifting at crutch-like Vik1 that causes its preferential 
dissociation. Thus, the fishing is essentially a molecular mechanism for head-to-head 
chemomechanical transmission. Future single-motor mechanical measurements for 





In conclusion, a molecular mechanical model for Kar3/Vik1 dimer based on previous 
structural, kinetic and motility studies has exposed an ATP-driven molecular fishing 
mechanism, by which ATP binding to Kar3 consolidates Kar3 but effectively dissociates 
the catalytically inactive Vik1 off MT. The fishing effect facilitates minus-end motility 
by enabling a long-range chemomechanical transmission, which is a head-head 
coordination unseen in homodimeric motors. When occurring at frayed ends of MT, the 
fishing channels the hydrolysis energy into deploymerization in a way different from a 
mechanism previously proposed for homodimeric depolymerases from kinesin-13 family. 
The ATP-driven molecular fishing thus provides a common mechanistic ground for 
Kar3’s dual functionality of motility and depolymerase. This study rationalized some 
puzzling findings of previous experiments, and suggested future experiments for further 






Proposal for an artificial nano-motor: implementation 
of fishing mechanism 
 
6.1 Introduction 
A frontier of nanoscience and –technology is the development of nanomotors or 
molecular motors which respond to local events of energy supply but display long-range 
directional movemen [49, 149]. Particularly interesting are recent reports of rationally 
designed DNA nanowalkers [55-62, 64] that mimic motor proteins [9] doing cargo 
transportation inside living cells. Potential applications of the nanowalkers are many; 
demonstrated examples include nanoscale assemble line [67], walker-enabled surface 
patterning [68] and organic synthesis [69]. 
      Despite many impressive progresses, reported performance of artificial nanowalkers 
is still far behind biomotors in a living cell. Take kinesin [10] for example, which is a 
bipedal motor transporting cargos unidirectionally along filamentous tracks of the 
cytoskeletal network of a cell. When kinesin moves along the track, its two globular-
protein feet alternatingly detach from and bind to the track in a hand-over-hand fashion 
just like a human walking on a street. Although the two feet are identical and equally 
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capable of drawing energy from fuel molecules to power detachment, kinesin as a whole 
manages to ensure a preferential detachment of the rear foot over the front one, and to 
bias a diffusing foot to bind the track forward over backward. Kinesin is essentially a 
combinatorial motor integrating multiple mechanisms for directional rectification. In 
contrast, virtually all of nano-walkers reported to date are based singly either on a 
position-selective detachment or on a forward bias, unless a burn-the-bridge strategy [57-
60, 62, 68] is used to modify the traversed track irreversibly. 
      Mechanistic integration is the key to promote performance of nano-walkers. A recent 
theory [88] proved that a nanomotor rectifying directional motion by a single mechanism 
is generally subject to a limit to motor performance. Such a performance limit will be 
broken by additive combination of more than one rectification mechanisms. This study 
introduces a simple but rather general bipedal walker-track system, and shows, by 
physical principles, that position-selective foot detachment and biased forward binding 
both emerge from the motor’s intrinsic mechanics and coherently add each other to 
enhance the motor’s performance.  
 
6.2 Methods 
6.2.1 Basic design of the motor-track system 
The motor is a bipedal walker consisting of two identical compound feet connected by a 
soft polymer chain, as illustrated in Fig. 6.1 A. Each compound foot is made of a rigid, 
rod-like component and a soft molecular chain component. To distinguish between the 
chain inside a compound foot and the chain connecting two feet, we call the former 
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“ankle chain” and the latter “neck linker”. The two components of a foot join together at 
one end and are connected to the neck linker. The other ends of the rod and ankle chain 
can bind to the track at different binding sites.  
 
Figure 6.1. Bipedal walker and its mechanics. A. Schematic illustrations of the motor and track. The 
walker is a soft molecular chain (neck linker) connecting two identical compound feet that each contain a 
soft chain (ankle) and a rigid rod. The track comprises repetitive - dimers. The binding sites of the ankle 
chain and rod with the track are shown by filled circles. The left and right panels illustrate a quadruple 
binding and a triple binding between the walker and the track. B. Free-energy hierarchy of motor-track 
binding states. Shown are the free energies for four major walker-track states as a function of the contour 
length of the neck linker predicted by a mechanical model. The results were obtained using set I parameters 
for the size of the motor-track, but a similar hierarchy was found for set II parameters too. See main text for 
the two sets of parameters. The binding energy for either foot component with the track was taken as 12.5 
kBT. C. Main working cycle for the walker. Shown are the major transitions, as deduced from the free-
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energy diagram (B), under an operation that alternately switches the neck linker between two different 
values of contour length.  
      The binding of the compound foot with the track is illustrated in Fig. 6.1 A. The two 
basic units of the track (called  and  units) form a - dimer, and the track is made of 
repeated dimers. The free end of the ankle chain (rod) is assumed to bind to the track only 
at a binding site located in the  () unit. Hence the array of binding sites can be 
quantified by a lattice constant (d0) plus the separation between the adjacent sites for the 
ankle chain and the rod (d1). Because the  and  units are chemically different, the track 
is polar. The end of the track pointed by drawing from the  to  unit of a dimer is 
defined as plus end; the opposite end of the track is defined as minus end.  
 
6.2.2 Two methods for the motor’s operation  
The motor can be operated either by alternately shortening and lengthening the end-to-
end distance of the neck linker or the ankle chains. The shortening/lengthening operations 
on either molecular linker can be implemented experimentally by alternately forming and 
breaking a compact structure of the linker chain. The operations can also be implemented 
by changing contour length of the chains, if their backbones contain light-responsive 
moieties [50, 150] that can be switched by light irradiation between a short cis form and a 





6.2.3 Mechanical model 
The free-energy hierarchy of major motor-track binding states is a powerful tool to reveal 
a motor’s working mechanism as shown by previous studies [70, 103, 115, 151]. A 
mechanical model was constructed for the proposed motor-track for the purpose of free-
energy estimation. The total free energy of the motor-track system (Ftotal) is the feet-track 
binding energy (Fbind) plus the free energy of the three linker chains (two ankle chains 
plus one neck linker) (Fchain). Namely, Ftotal =Fbind +Fchain. The bipedal walker has two 
ankle chains and two rods, which can bind to the track variously (See a quadruple binding 
and a triple binding in Fig. 6.1 A as examples). Fbind is the sum of the binding energy for 
the ankle chains and rods that actually form a binding to the track. As an approximation, 
the linker-track or rod-track binding is assumed to be either completely broken (hence 
contributing nothing to Fbind) or formed with a constant value of finite binding energy.  
      The rod component of the foot is supposed to be much more rigid than any of the 
linkers. Hence the rod contribution to Fchain is neglected as a good approximation. A 
formula [103] derived from worm-like-chain model was used to estimate the free energy 
of the three linkers. The free energy for a linker is 
      

























.                                                                 (6.1) 
Here lp and lc are the persistence length and contour length of the linker chain, and z is the 
linker’s end-to-end distance in a motor-track binding state. lp was assigned a realistic 
value (0.8 nm) that was estimated [103] for peptide chains from previous computational 
studies [141, 142]. 
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      The total free energy Ftotal depends on geometry of a motor-track binding state 
because the end-to-end distance of a linker depends on the angles of the two rods with 
reference to the track (θ1 and θ2 as indicated in Fig. 6.1 A). According to Boltzmann’s 
law, the geometric configuration possessing the minimal total free energy (Ftotal) occurs 
with a highest probability. As an approximation, we assume the minimal- Ftotal 
configuration as the functional geometry for each walker-track state during the motor’s 
operation. The functional geometry for a state was identified by minimizing Ftotal over its 
possible configurations. The free energy minimization is done computationally. For each 
state (e.g. state 3 in Fig. 6.1 A), geometric parameters θ1 and θ2 are scanned to find the 
configuration with minimized free energy. The minimized value of Ftotal was used to 
consider the mechanics and kinetics of the motor. 
 
6.2.4 Kinetic model 
Choosing a relatively short contour length for the neck linker can reduce the possible 
walker-track binding states to 24 states, which are 1 quadruple-binding state, 4 triple-
binding states, 5 double-binding states and 2 single-binding states (see illustrations in Fig. 
6.2). Either method for operating the motor introduces a second set of 24 states that are 
identical to the first set in basic geometry but differ in mechanics due to a different 
contour length for the neck linker or ankle chains. The operation causes transitions 
between the two sets of states. The operation may be executed randomly, so a rate may be 
assigned to each operation. Besides, transitions may occur within the set of 24 states. Fig. 




Figure 6.2. Kinetic model of the motor. The upper and lower boxes show possible motor-track binding 
states for the neck linker in a short and long configuration, respectively. Shortening and lengthening the 
neck linker causes transitions between the two ensembles of states as indicated. The transitions within 
either ensemble are also shown. 
      The kinetics of the motor was modeled as a network of transitions between the 224 
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i .                                                              (6.2) 
Here pi(t) is the population of state i, kij is the rate for the transition from state i to state j. 
The transitions, except the two operational rate (neck-liner winding and unwinding), obey 
detailed balance condition. The walker’s behavior averaged over a long time of operation 
can be obtained from the steady-state solution of the Master equation. The mean speed of 
the motor is  





,                                                                                  (6.3) 
where pi is the steady-state population, Δxij is the center-of-mass displacement of the 
motor caused by the transition from state i to state j, and the plus or minus sign indicates 
a forward or backward displacement. For example, the transition from state 11 to state 5 
may occur either by a forward binding of the diffusing rod to the track or by a backward 
binding. The forward and backward binding are k
+
11,5 and k 
-
11,5, respectively. 
      The processivity, which is the consecutive run length before a terminal event of 
derailment of the entire bipedal walker off the track, is 









 .                                                                                (6.4) 
The denominator on the right-hand side is a sum over the two single-binding states which 
are the doorway [104] for the entire derailment. The one having the rod-track binding is 





ankle are the rates of dissociation from the two bindings. A recently introduced 
100 
 
measure of motor performance is called directionality [88, 109], which is the difference 
between forward and backward steps over the sum of forward, backward and futile steps. 
      The transition rates are constrained by the free energies and intra-motor strains of the 
motor-track states. The rate for dissociation of an ankle chain or rod during an ij 




ij,0·exp(fi·i), in which k
d
ij,0  are the rate for 
zero force, fi is the pulling force on the ankle or rod in state i. The rate for the reverse 
binding in the ji transition follows as kbji= k
d
ji ·exp(ΔEji) because of the detailed balance. 
ΔEji is free-energy difference between the state j and state i. Both ΔEji and fi were given 
by the mechanical model. A common value of 0.1 s
-1
 was used for k
d
ij,0 for both the ankle 
and rod in this study. 
      The form of load-dependence for the dissociation rates is similar to that found for 
dissociation of a kinesin head off its track [111]. For kinesin, the i value [111] is 3 - 4 
nm. We take a smaller value in this model for a conservative estimation, namelyi = 1nm 
was used for either rod or ankle. The rod bound to the track may experience a 
compressing force, e.g. in states 3 and 4. A compressing force normally stabilizes the 
rod-track binding. For simplicity we chose to ignore this effect in this study, and assigned 
zero value to i for a compressed rod. 
 
6.3 Results 
6.3.1 Minimal compound foot for track binding 
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The motor is simply a neck linker connecting a pair of compound feet that each possess a 
soft and a rigid component (i.e. the ankle chain and rod) responsible for binding with the 
track. Such a compound foot may be regarded as minimally complex since two binding 
components are the minimum for a compound foot. The following sections will show that 
the minimal, twin-binding foot is sufficient to facilitate both a position-selectivity for feet 
detachment and a bias for forward binding. Either mechanism alone is sufficient to cause 
directional motion of the motor; an integration of both mechanisms promotes the motor 
to a higher level of mechanistic advancement. 
 
6.3.2 Position-selective detachment 
When both feet of the motor bind to the track with a relaxed neck linker, a shortening of 
the linker’s end-to-end distance raises the intra-chain force (fneck) and thereby causes a tug 
of war between the two track-bound feet (Fig. 6.1 A, left panel). Although the two feet 
are entirely identical, their detachment behavior can become different because the 
shortened neck linker may cause uneven mechanical strains in the two feet. For the foot 
bound to the plus-end side of the track (thereafter referred to as front foot), the rod of the 
front foot is pressed towards the track and so tends to be stabilized, but the ankle chain is 
under a pulling force (fank) away from the track and so tends to be destabilized. For the 
rear foot bound to the minus-end side, the rod is subject to fneck pulling away from the 
track and the ankle chain is in a relaxed state. As a consequence, the tug of war is actually 
between the ankle chain of the front foot and the rod of the rear foot with the front rod 
serving as a rigid support.  
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      A mechanical equilibrium of the motor-track binding configuration requires that the 
projection to the perpendicular of the supporting rod of the intra-chain force along the 
neck linker equals the projection of the pulling force along the front ankle chain. Namely, 
fanksin = fnecksin. Here  or  is the angle between the supporting rod and the ankle 
chain or the neck linker (see Fig. 6.1 A for illustration). Hence fneck > fank holds if  > . 
If the size parameters for the motor-track are so chosen to ensure the angle relation, the 
tug of war between the rear rod and the front ankle chain is not even: the rear rod tends to 
be dissociated with a higher rate than the front ankle even if both binding components 
have exactly the same level of susceptibility to external pulling force. 
      After the rear rod is preferentially dissociated, the rear ankle comes instead under 
direct pull by the neck linker (Fig. 6.1 A, right panel). The tug of war is now between the 
two ankle chains. Again, fneck > fank holds if  > , leading to a higher rate of dissociation 
for the rear ankle than for the front ankle. The combined consequence of the two tug-of-
wars is the preferred detachment of the rear compound foot. 
 
6.3.3 Two versions of the motor 
The mechanical model for the motor-track system was used to select size parameters that 
satisfy the desired angle relations for preferential detachment of rear foot. While many 
choices can be found, we focus this study on two specific sets of parameters. Set I is 
suitable for the operation on the neck linker between contour length 15 nm and 30 nm: 5 
nm for the rod length; 6.5 nm for the ankle’s contour length; d0 = 16 nm for lattice 
constant for the binding sites; d1 =5 nm for separation between the adjacent sites for the 
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ankle chain and the rod. Set II is suitable for the operation on the ankle chains between 
contour length 6.5 nm and 13 nm: 5 nm for the rod length; 23 nm for the neck linker 
contour length; d0 = 22 nm for lattice constant for the binding sites; is d1 =5 nm for 
separation between the adjacent sites for the ankle chain and the rod. The two sets of 
parameters correspond to two versions of the motor. 
 
6.3.4 Bias for forward binding 
The two sets of size parameters results in a distinct free-energy hierarchy of motor-track 
binding states, as shown in Fig. 6.1 B. Such a hierarchy facilitates a bias for a diffusing 
foot to bind forward over backward. Consider the double-binding state produced by the 
two tug-of-wars that dissociate the rear foot. This state, marked as state 1 in Fig. 6.1 B, is 
lower in free energy than state 4 but high than state 2, before the neck linker is 
lengthened. By Boltzmann’s law, the free energies for the states determine their 
occurrence frequency. Thus, the uphill transition from state 1 to 4 occurs less often than 
the downhill transition from state 1 to state 2. This uphill transition is the backward 
binding of the ankle chain of the diffusing foot in state 1; this downhill transition is the 
forward binding of the rod of the diffusing foot in state 1. Hence the free-energy 
difference between state 4 and state 1 effectively biases the diffusing foot to bind forward. 
 
6.3.5 The main working cycle of the motor 
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For a long contour length of the neck linker (~ 30 nm for set I parameters), the typical 
free-energy hierarchy is state 1 > state 4 > state 2 > state 3 (Fig. 6.1 B). State 3, which 
is a quadruple binding, is the overall ground state and the most probable state prior to any 
operation. A first operation of neck linker shortening occurs most likely in this state. 
After the operation shortens the neck linker’s contour length (to ~ 15 nm), the state 
retains its motor-track binding but with a strained internal mechanics. This strained state 
is marked by a prime symbol to distinguish from the mechanically more relaxed partner. 
      The free-energy hierarchy, however, is re-ordered at the short neck linker. The free-
energy order is now state 3 > state 4 > state 1 > state 2 (Fig. 6.1 B). Thus the shortening 
operation elevates the motor to the highest-energy state (state 3), which spontaneously 
decays to state 4 via the first tug of war mentioned before, and subsequently to state 1 via 
the second tug of war. The two spontaneous decays down the free-energy ladder 
preferentially detach the rear foot as discussed before. Once the motor reaches double-
binding state 1, it is subject to a free-energy bias for forward binding of the diffusing foot. 
The forward binding brings the motor further downhill to state 2, which is a triple binding.   
      The lengthening operation then relaxes state 2 towards state 2, which spontaneously 
decays to the quadruple-binding state 3. The round of shortening-lengthening operation 
completes a cycle of transition that recovers the original starting state (namely the overall 
ground state 3) but displaces the motor’s center of mass a step forward to the plus end. 
The step size is a lattice constant of the binding sites. The cycle of six transition 




6.3.6 Motor performance 
Figs. 6.3 and 6.4 summarizes the performance of the motor version I (parameter set I, 
under an operation on the neck linker) predicted by the kinetic model. Shown are the 
motor’s speed, processivity, and directionality as a function of the ankle-track and rod- 
track binding energies (Fig. 6.3), and the rates for shortening and lengthening the neck 
 
Figure 6.3. Performance of the motor operated by alternate shortening-lengthening of the neck linker: 
dependence on foot-track binding. The results for velocity (A), processivity (B) and directionality (C, D) 
are for different binding energy for either component of the compound foot, but for a fixed rate (50 s
-1
) for 
shortening and lengthening operation. The results were predicted by a kinetic model using the set I size 
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parameters of the motor-track. D shows the contribution to directionality from the ratchet (Dd) and that 
from the power stroke (Db) (see text for details).  
 
Figure 6.4. Performance of the motor operated by alternate shortening-lengthening of the neck linker: 
dependence on operational rates. The results for velocity (A), processivity (B) and directionality (C, D) 
are for varying values for shortening/lengthening rates but for a fixed binding energy for either foot 
component (15 kBT). The results were predicted by a kinetic model using the set I size parameters of the 
motor-track. 
linker (Fig. 6.4). A few features may be noticed. First, the speed and directionality exhibit 
a broad peak for certain values of the two binding energies (5 – 25 kBT for rod-track 
binding and 10 – 25 kBT  for ankle-track binding), but the processivity increase 
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monotonically when the two binding energies increase. Second, the processivity, which is 
the mean consecutive run length of a motor on the track before derailment, approaches 
the magnitude of meters for certain values of the parameters considered. Note that the 
extremely long processivity must be regarded as an upper limit estimated from an ideal 
case, since the kinetic model used a relatively low rate (0.1 s
-1
) for dissociation of the rod 
or the ankle chain from the track. The dissociation rate can be much higher in real 
situations.  Nevertheless, such a high upper limit on processivity has a physical reason 
too. Namely, the motor possesses a total of four components that each can bind to the 
track rather independently. This design feature suppresses occurrence of single-binding 
states, which are the necessary doorway for derailment of the entire motor. Third, the 
speed is more sensitive to the shortening rate than the lengthening rate. This is 
understandable because the neck linker shortening injects energy into the motor, and the 
lengthening serves to re-set the motor to the starting state of the motional cycle. The 
motor’s speed reaches the magnitude of several micrometers per minute for some 
considered parameters.  
      Figs. 6.5 and 6.6 summarizes the performance of the motor version II (parameter set 
II, under an operation on the ankle chains) predicted by the kinetic model. The 
abovementioned position-selective detachment and forward bias both remain valid for 
this motor version, because the mechanical model predicts an angle relation ( > ) and a 
free-energy hierarchy similar to those of version I. A similar working cycle was identified 
from the free-energy hierarchy, and is illustrated in Fig. 6.5 A. Overall, this motor 
version exhibits the same features concerning speed, processivity and directionality as for 





Figure 6.5. Performance of the motor operated by alternate shortening-lengthening of the ankle 
chains: dependence on foot-track binding. A. Schematic illustration of the major working cycle of the 
motor. B - E. Velocity (B), processivity (C) and directionality (D, E) for different binding energy for either 
component of the compound foot, but for a fixed rate for shortening and lengthening operation (50 s
-1
). The 




Figure 6.6. Performance of the motor operated by alternate shortening-lengthening of the ankle 
chains: dependence on operational rates. The velocity (A), processivity (B) and directionality (C, D) are 
predicted for different shortening/lengthening rates but for a fixed binding energy for either foot component 
(15 kBT). The results were predicted by a kinetic model using the set II size parameters of the motor-track. 
 
6.3.7 Mechanistic integration and relation to motor performance 
Directionality is a good measure of a motor’s mechanistic integration, because a single 
mechanism for direction rectification alone can produce a directionality of one half at 
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most as found by a previous study [88]. This limit applies to either the position-selective 
detachment or the forward bias as to be made clear below. 
      Because a full forward step amounts to detachment of the rear foot followed by 
forward binding of the front foot, the directionality can be decomposed into two parts that 
may be attributed to either the biased detachment or to the biased binding. Note that the 
directionality is the forward-stepping probability normalized to the sum of probabilities 
for all possible motions driven by an event of energy injection (i.e. the shortening of the 
neck linker or the ankle chains in this study). Within the framework of the kinetic model, 
the directionality decomposition can be done by separately counting the transition flux 
for rear-foot detachment (J
 +
d) or front-foot detachment (J
 ‒
d), and the transition flux for 
forward binding (J 
+
b) or backward binding (J 
‒
b). The total probability for forward 
stepping is measured by the flux combination J
 +
 = (J 
+
d ‒ J 
‒
d) + (J 
+
b ‒ J 
‒
b). Since the 
total directionality (D) is proportional to J 
+
, the component due to the biased detachment 
(Dd) and the component due to the biased binding (Db) are proportional to (J 
+





b  ‒ J 
‒
b), respectively. Hence D =Dd + Db. 
      The two components of directionality are shown for the two motor versions in Figs. 
6.3 – 6.6. The results show that both Dd and Db are capped below 0.5 regardless of the 
operational rate or the binding energies. The total D, however, may approach unit, which 
must be attributed to an integration of the biased detachment and the biased binding in 
the two motor versions. 
      To further elaborate on the mechanistic integration, we deliberately discarded the 
biased detachment to test the motor’s directionality. The biased detachment is a 
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consequence of the intra-motor mechanics, which affects the ankle or rod dissociation via 




ij,0·exp(fi·). Thus the bias on foot detachment is entirely 
discarded by assigning zero to  for the rod and the ankle. The resultant D indeed drops 
below 0.5 (Fig. 6.7). This defect version of motor works solely by the biased binding, and 
hence performs worse than the mechanistically integrated versions. 
 
Figure 6.7. Motor defect in position-selective detachment. Shown are directionality predicted for a 
motor version that is driven by neck linker shortening/lengthening but is incapable of any position-selective 
detachment of the compound foot (namely i = 0 is used for both rod and ankle in this special case). The 
results in A were obtained using the same parameters as for Fig. 3, except the two operation rates are 20 s
-1
; 
the results in B were obtained using the same parameters as for Fig. 4. 
 
6.4 Discussions 
6.4.1 The forward bias is a power Stroke 
Thus, the forward bias for foot binding alone is able to rectify a net directional motion for 
motor, though the resultant directionality is capped by one half. As discussed before, the 
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forward bias is caused by free-energy difference between the resulting state of a forward 
binding event (state 4 in Fig. 6.1 B) and the resulting state of a backward binding event 
(state 2). Hence the preferential forward binding is a downhill process in the energy-
consuming cycle of the motor. Such an energy-driven forward bias is essentially a power 
stroke [103, 152, 153]. Indeed, any effect capable of independently inducing net 
directional motion of a molecular object requires energy input as dictated by the second 
law of thermodynamics. 
 
6.4.2 The position-selective detachment is a molecular ratchet 
The position-selective detachment alone can rectify a directional motion too. Without any 
bias for foot binding, a foot detached by the position-selective mechanism may diffuse 
back and forth by equal chance. If the foot binds forward to the track, the motor 
accomplishes a step forward; if the foot binds backward instead, the motor makes a futile 
step returning to its previous position. When a new round of energy injection (shortening 
of the neck linker or ankle chains) is executed, the motor again subjects its rear foot for 
preferential detachment for yet another round of attempt for forward stepping. Thus, the 
position-selective detachment amounts to a molecular ratchet [82, 103] that rectifies a net 
forward motion by blocking backward steps. 
 
6.4.3 Similarity to biomotor kinesin 
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Similar power stroke and ratchet exist in biomotor kinesin that is an archetypal bipedal 
walker for intracellular transport. A power stroke [10] in the form of a fuel-driven bias 
for forward binding has been identified in kinesin. The driving for kinesin’s power stroke 
is a local conformational change of the inter-feet linker (termed neck linker zippering 
[10]) enabled by binding of a fuel molecule (Adenosine triphosphate, or ATP) to a track-
bound foot. A position-selective detachment (ratchet) also exists in kinesin in the form of 
a gating effect [20] that prohibits, in a two-feet kinesin-track binding, ATP binding to the 
front foot but not to the rear foot. Since the subsequent hydrolysis and product release 
power kinesin’s foot detachment, the gating on ATP-binding results in a preference for 
rear foot detachment. 
      More important, the motor proposed here integrates both the power stroke and the 
ratchet; and kinesin does [103] the same too. Both motors have the capacity to reach a 
directionality above one half. Indeed kinesin evidently shows a directionality close to one 
[28, 41], which suggests a superior mechanistic integration [88] and an optimal 
thermodynamics [109]. A similar ratchet-stroke integration exists in other biomotors, e.g. 
myosin V [115].  
 
6.4.4 Molecular fishing and similarity to biomotor Kar3/Vik1 
The way by which the rear foot detachment is powered by energy input is essentially a 
molecular fishing effect: the supporting rod serves as a fishing pole, the front ankle as an 
arm of a fisherman, and the neck linker as a fishing line to pull the rear foot (fish) off the 
track. The analogue to fishing is relevant because a smaller force by the front ankle or a 
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fisherman’s arm wins the tug of war with a larger force of the rear rod/ankle or fish by a 
proper angle adjustment around the supporting rod or fishing pole (namely fneck > fank for 
 > ). The fishing analogue is particularly vivid for the operation method of ankle 
shortening/lengthening, since the energy injected at the front foot is channeled into the 
rear foot over a distance to power its active detachment.   
      Interestingly, a similar molecular fishing effect occurs in another bipedal biomotor 
Kar3/Vik1 that is a derivative of kinesin and works on the same track. In living cells, 
Kar3/Vik1mainly catalyzes depolymerization of its track, and also does unidirectional 
drift along the track though being less processive than kinesin. The fishing effect 
inherently encompasses the position-selective detachment, and alone is sufficient to 
rectify a directional motion.    
 
6.5 Conclusions  
In summary, a system as simple as a polymer chain forking at either end into a chain plus 
a relatively rigid rod can become a bipedal molecular walker on a periodic track that 
hosts alternate binding sites for the rod and the end chain. The chain-plus-rod forks are 
feet. The end chain or the inter-feet chain serves as “engine”: random, alternate 
shortening and lengthening of either chain drives the walker’s motion along the track. 
The two feet may be identical; the binding of the rod or chain with the track may be 
isotropic. Nevertheless, when the size of the walker-track is properly chosen, the motor-
track binding mechanics gives rise to multiple mechanisms that, coupled with the energy 
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injection via either driving method, coherently rectify the walker’s track-borne motion 
into a directional one.  
      The mechanisms include position-selective foot detachment off the track (or a 
molecular ratchet), an energy-driven bias for forward foot-track binding (or a power 
stroke) and a molecular fishing effect. Each of the three mechanisms alone costs energy 
and rectifies a directional motion; but the motor performance based on a single 
mechanism is capped by a general limit in terms of directionality. The mechanistic 
integration, particularly the ratchet combined with the power stroke, is necessary to 
promote the walker’s performance beyond the limit. 
      None of the three mechanisms is assumed by hand; they instead arise from the 
walker’s mechanics in a conceptually clear way. Furthermore, the seemingly simplistic 
walker-track system is able to additively integrate the mechanisms by coupling them 
sequentially to the energy-consuming cycle. Interestingly, each of the three mechanisms 
exists in biomotors from living cells; and the mechanistic integration of the proposed 
walker bears notable similarity with biomotor kinesin, an archetypal bipedal walker for 
intracellular transport. 
      The inherent mechanistic richness renders the simple motor-track system proposed in 
this study a good model system for mechanistic study for molecular motors. 
Experimental implementation appears possible using engineered DNA molecules or 
peptides. A single-strand DNA molecule or a random-coil peptide may possibly serve as 
the soft chains, while a DNA double-helix or a coiled coil motif of peptides may serve as 
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the rod. Future experimental implementation, though challenging, is desirable for sake of 






Optimization of the proposed artificial motor 
 
7.1 Introduction 
Molecular motors, Nature-made motor proteins [9] and man-made artificial mimics [49, 
149] alike, normally work in a uniform-temperature environment. By the second law of 
thermodynamics, a molecular motor needs an energy input other than the heat energy 
from the environment to power a directional motion. The detailed mechanisms by which 
the energy is consumed and coupled to mechanical motion determine [70, 103, 115, 151] 
a motor’s performance. As a submicroscopic object, a molecular motor manages its 
energy consumption close to the ultimate boundary set by thermodynamic laws. Note that 
a biomotor called F1 ATPase [46] achieves energy conversion by an extreme efficiency 
of > 90%! The thermodynamics of energy consumption by a motor is a key link between 
the internal mechanisms of the motor system and the final performance. Elucidation of 
the connection of the thermodynamics of energy consumption to mechanistic aspects and 
performance is important both for understanding motor proteins and for design of best-
performing artificial motors.  
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      As a non-equilibrium thermodynamic process, energy consumption by a molecular 
motor involves entropy productions and dissipation. Progress [88, 101, 106, 108, 109] 
has been recently reported concerning quantification of entropy productions in driven 
molecular systems and the entropy-performance connection for molecular motors. In 
particular, two recent theoretical developments [88] have predicted general and 
quantitative relations between entropy productions and mechanisms/performance of a 
molecular  motor via a new quantity called directionality. Besides, distinct features 
concerning the optimizability of molecular motors were predicted. 
      In this study, we use the motor-track introduced in Chapter 6 as a model system to 
conduct a case study for nanomotor thermodynamics and optimality. Exploiting the 
mechanistic wealth of the motor-track system, we carry out a systematic optimization that 
exposes several features unseen in previous nanomotor optimization studies [151, 154]. 
The results confirm three major predictions of the previous theories [88], and testify the 
relevance of directionality to nanomotor thermodynamics. 
 
7.2 Methods 
7.2.1 Motor-track system 
The motor-track system is schematically illustrated in Figure 7.1 A. The motor is a biped 
with a pair of identical feet connected by a soft neck linker. Each foot is made of a soft 
chain (ankle) and a rigid rod, which bind to the  and  units of the track, respectively. 
The track comprises a periodic array of - dimers hosting the binding sites.  
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      This study considers the following set of structural, mechanical and operational 
parameters for the motor-track: The rigid rod is 5 nm long; the lattice constant of the 
track (namely the motor’s step size) is 14 nm; the closest distance between the binding 
sites for the ankle and the rod is 5 nm. The motor is operated by alternatingly shortening 
and lengthening either the neck linker (contour length between 15.5 and 30 nm) or the 
ankle chains (between contour length 4 and 18 nm). The shortening and lengthening rate 
is 1000 s
-1
 for the neck or the ankle until stated otherwise. The binding energy for the 
ankle chain or the rod is 15 kBT. As in chapter 6, the dissociation rate for the ankle or rod 
follows the form of ki=ki0·exp (-fi·i/kBT);  fi is the force that tends to pull the ankle or ord 
off the track. The dissociation rate under zero pulling force (ki0) is 0.1 s
-1
 for either ankle 
or rod; i is 1.0 nm for either ankle or the rod. 
 
Figure 7.1. Motor and single predominant working cycle. A. Schematic illustration of the motor-track 
system and the dominant working cycle under the neck operation. The arrows indicate the transition in 
forward direction. B. Cycle flux of the main working cycle versus those of competing cycles. The results 




7.2.2 Mechanical model and kinetic model for the motor under an external load 
This study considers the motor under a finite external load F, which was ignored in 
chapter 6. The load is assumed to be applied to the middle point of the neck linker as 
often is the case for biological bipedal motors [105, 115]. The external load affects the 
balance of intra-motor forces and thereby modify [105, 115] the free energies of the 24 
motor-track states (Fig. 6.2). The free energies for these states and their intra-motor 
forces were computed using the mechanical model introduced in chapter 6. 
      The motor performance was predicted by the same kinetic model as elaborated in 
chapter 6. Namely, the motor’s kinetics is modeled as a transition network among the 24 
motor-track states. The transitions, except for the operations, obey detailed balance 
condition. The transition rates are governed by the free-energy gaps and intra-forces, 
which are now subject to modification by the external load. For example, the external 
load affects the pulling force on each ankle or rod (fi), and thereby modulates their 
dissociation rates (ki).    
 
7.2.3 Two-step optimization 
The motor’s directionality was optimized via a two-step procedure. In the first step, the 
directionality was maximized for zero external load (F = 0) by systematically scanning 
the following parameters over a sufficiently large range: binding energy for the ankle or 
rod between 0 and 30 kBT; zero-load dissociation rate (ki0) for the ankle or rod between 
0.1 and 1 s
-1
; i values for the ankle and for the rod between 0.1 and 1 nm; and the rates 




. The first step of 
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motor optimization yielded the optimal values: 25 kBT for the binding energy for the rod 
and 24 kBT for the ankle; 0.1 s
-1
 for the dissociation rate (k0) for the rod and 0.9 s
-1
 for the 











 for the lengthening rate. 
      The second step of motor optimization was done for a series of individual values of 
external load F. Namely, the directionality at each F value was further maximized by 
scanning the operational rates (namely shortening and lengthening rates) but keeping the 
optimal values obtained from the first step for other parameters which are associated with 
the motor’s physical construction. 
 
7.3 Results and discussions 
7.3.1 Three previous predictions of nanomotor thermodynamics and optimality  
This study addresses three predictions from previous theories [88, 109]. First, the 
directionality of a nanomotor is determined by such thermodynamic quantities as entropy 
productions. In the simple case of a single cycle dominating the transition network for a 
nanomotor, the directionality of the motor can be expressed [109] as  


















D .                                                                         (7.1) 
Here kB is Boltzmann’s constant. ΔSd is the total entropy production [97, 106] 
accompanying the transition of detachment of the rear foot; ΔSb is the total entropy 
production accompanying the transition of forward binding of the diffusing foot. 
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Generally, the total entropy production (ΔSij) for a transition from state i to state j is 
 
jijijiBij kpkpkS /ln , in which pi and pj are the occurrence probability of the states, 
and kij and kji are the rates for ij and reverse jI transitions. Jij = pikij and Jji = pjkji are 
transition fluxes for the two transitions. 
      The second prediction is that a motor’s D will be simultaneously maximized for any 
value of external load (pre-stalemate) if a quantity δ characterizing load dependence of 
the entropy productions approaches the half step size. This feature, termed universal 
optimality, is evidently possessed by biomotor kinesin [109]. The δ is 





 .                                                                                                  (7.2) 
Here, T is temperature of the thermally equilibrated environment in which the motor 
functions, and F is the external load. The third prediction is an unusual speed-
directionality trade-off for nanomotors. Namely, when a motor’s D assumes the maximal 
value, its speed drops to zero; but when D retreats linearly, the speed recovers much 
faster to finite values. 
      The following sections will use the proposed motor-track system to do a case study 
for the predictions. 
 
7.3.2 A single predominant cycle 
The kinetic network among the 24 motor-track states (Fig. 6.2) can be decomposed into 
individual cycles; competition between the cycles can be quantified by cycle fluxes [97]. 
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The cycle flux for a self-closed cycle traversing multiple states is a combination [155] of 
transition fluxes for the individual transitions that make up the cycle.  The kinetic model 
yielded the cycle fluxes for major cycles that contribute to forward or backward stepping 
(Fig. 7.1 B). For a broad range of operational rates (5 s
-1
 – 100 s-1), the cycle flux for a 
single cycle is distinctly superior over those of any competing cycles. The single 
predominate cycle is the working cycle identified in chapter 6, and is shown again in Fig. 
7.1. The cycle is: state 3→ state 4→ state 1→ state 2→ state 2→ state 3→ state 3. This 
cycle determines the motor’s overall performance, and forms a basis for analysis of the 
motor’s thermodynamics and optimality. 
 
7.3.3 Entropy-directionality relation 
In the predominant cycle, the 41 transition and 12 transition are mainly responsible 
for rear foot detachment and forward binding. As a good approximation, the total entropy 
productions accompanying the two transitions may be identified with the two entropy 
productions producing directionality (eq. 7.1). Namely ΔSd  = ΔS4, 1 and ΔSb = ΔS1, 2. 
Since both the motor’s directionality and the two entropy productions are readily 
available from the kinetic model, the predicted entropy-directionality relation (eq. 7.1) 
may be quantitatively examined in this study. Fig. 7.2 shows the entropy productions and 
the directionality from the steady-state solution to the kinetic model. A major feature is 
that the value of ΔS4, 1 is more than two times higher than that of ΔS1, 2. This feature is 
retained for a wide range of operational rates (5 s
-1
 – 100 s-1), hence 
1
// 2,11,4 








Inversely,  DkS B  1ln2,1 . Namely, ΔS1, 2 in unit of kB approximately equals -ln(1-
D) if eq. 7.1 holds.  
 
 
Figure 7.2. Entropy-directionality relation: varying operational rates. The results were obtained for 
motor operation on the neck linker and using the parameters detailed in the motor-track system section of 
Methods. In panel C, the line indicates the D-ΔS1, 2 equality and the symbols are results for the motor. 
      The equality is confirmed, to a remarkable accuracy, by the ΔS1, 2 and D values 
computed from the kinetic model when the structural, mechanical and operational 
parameters were systematically varied over wide ranges (see results presented in Fig. 7.2 
and Fig. 7.3). The equality holds for the motor operation on the neck linker and on the 
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ankle chains (Fig. 7.4). In total, the D-ΔS1, 2 equality was tested by changing five types of 
parameters: binding energies, i, lower limit of the neck linker contour length (for neck 
operation), lower limit of the ankle contour length (for ankle operation), and operational 
rates. Overall, only a small deviation from the D-ΔS1, 2 equality was found. Hence the 
entropy-directionality relation eq. 1 is largely confirmed by this case study. The small 
deviation is understandable since the equality is exact for strictly a single cycle plus the 
ΔS4, 1  . Both conditions are not perfectly met in this case study. 
 
Figure 7.3. Entropy-directionality relation: varying size/mechanics of the motor. The results were 
obtained for motor operation on the neck linker and using the parameters detailed in the motor-track system 
section of Methods unless stated otherwise. The lines indicate the D-ΔS1, 2 equality. The symbols are results 
for the motor obtained by changing the binding energy of the ankle chain (A), the i of the ankle (B), the i 
126 
 
of the rod (C), and the contour length of shortened neck linker (D). The shortening rate and the lengthening 
rate are 20 s
-1 




Figure 7.4. Entropy-directionality relation: alternative operation. . The results were obtained for motor 
operation on the ankle chains and using the parameters detailed in the motor-track system section of 
Methods unless stated otherwise. The lines indicate the D-ΔS1, 2 equality. The symbols are results for the 
motor obtained by changing the lengthening rate (A), the binding energy of the ankle chain (B), the i of 
the rod (C), and the contour length of shortened ankle chain (D). 
 
7.3.4 Motor optimality 
The zero-load optimization promotes D significantly (Fig. 7.5 A), since both D-
generating entropy productions ΔS4, 1 and ΔS1, 2 increase with the optimization (Fig. 7.5 
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B). The stall force increases from ~4 pN to ~6 pN (stall force is the external load that 
reduces the motor’s D to zero). The optimization also raises the stepping ration, which is 
the probability for forward stepping divided by that for backward stepping (Fig. 7.5 C). 
The speed, however, drops more than one hundred times after the optimization (Fig. 7.5 
D). This result is a sign of speed-directionality trade-off, which will be analyzed in detail 
later. The load-dependent optimization on top of the zero-load optimization yielded load-
dependent operational rates as shown in Fig. 7.5 F, but the improvement in directionality, 




Figure 7.5. Motor optimality. The results shown are for motor operation on the neck linker. The lines with 
squares are the motor performance predicted using the parameters given in the motor-track system section 
of Method. The lines with filled circles are the performance after the zero-load optimization; the optimal 
parameters are given in the two-step optimization section of Method. The lines with triangles are the 
performance after a further optimization for individual values of external load. 
      The quantity δ is given by the slope of the ΔS4, 1 –F curves (Fig. 7.5 B). Before the 
two-step optimization, δ shows a dependence on F (Fig. 7.5 E). The load dependence, 
however, is notably weakened by the optimization, resulting in an almost flat δ-F curve 
for the pre-stalemate load (F < 6 pN). The value of δ is from 7 to 6 nm up to F < 5 pN, 
close to the motor’s half step size of 7 nm. The result suggests that the motor-track 
system has the capacity to approach universal optimality. 
      While the load-dependent optimization logically makes D maximum throughout pre-
stalemate load, an interesting observation is that such a universal optimality is already 
approached, to a remarkable extent, by the zero-load optimization. This observation 
suggests that universal optimality – the simultaneous maximization of a motor’s 
directionality for different values of external load – may be achieved by adjusting the 
motor’s construction/operation parameters associated with zero-load performance.    
      In this case study, the marginal improvement by the load-dependent optimization is 
rationalized by the observation that the two D-generating entropy productions, ΔS4, 1 and 
ΔS1, 2, are hardly increased by optimizing the operational rates at individual values of 
load (Fig. 7.5 B).The minor increase in D is mainly due to adjusted competition of the 
predominant cycle with other cycles. The results in Figure 7.1 B show indeed that 




Figure 7.6. Speed-directionality tradeoff and entropy crisis. Shown are directionality, speed and entropy 
productions of the motor under the neck operation following a trace of zero-load optimization (see main 
text for details). All the results were obtained using the parameters given in the motor-track system section 
of Method.   
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7.3.5 Speed-directionality tradeoff 
Fig. 7.6 shows a trace of zero-load optimization, which was produced by linearly 
changing the binding energies and operational rates and calculating the motor 
performance for the chosen values for the energies and rates. An attempt of energy/rate 
change and the resultant performance are only recorded if D is higher than the preceding 
record.  Hence D monotonically increases in the trace (Fig. 7.6 A).  
      Since the trace was started at zero operational rate, the motor has a zero speed and a 
zero D at the beginning of the trace. When D increases along the trace of optimization, 
the speed increases too. This trend holds up to D ~ 0.95. When the directionality further 
approaches to 1, the speed drops steeply to zero (Fig. 7.6A).  
      From the second law of thermo dynamics, it is not surprising that the speed 
approaches zero when D  1, because the perfect directionality amounts to zero 
dissipation [109] of energy. Hence a unit directionality is an ideal case that is only 
attainable by an infinitely slow motor. What surprises is the steepness of speed drop – 
from the maximum value to zero when D increases from 0.95 to 1 for the shown trace of 
optimization (Fig. 7.6 A). Viewed inversely, the steep speed change suggests that the 
motor, when retreating from the ideal case of perfect directionality but zero speed, has the 
capacity to recover maximal speed by sacrificing merely a few percent of directionality. 
In other words, the speed-directionality tradeoff is extremely close to the maximum 
directionality. 
 
7.3.6 Entropy crisis 
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To analyze the extreme speed-directionality tradeoff, the six entropy productions 
accompanying the six transition of the predominant cycle was calculated along the trace 
of optimization (Fig. 7.6 B – E). Since it is a zero-load optimization, the sum of the six 
entropy productions times temperature is the total energy injected into the system per 
round of shortening-lengthening operation according to energy conservation. The energy 
injection remains constant for the motor (Fig. 7.6 E); the distribution of the energy among 
the six transitions of the cycle determines the motor’s performance. When D  1, the D-
generating ΔS1,2 and ΔS4,1 rise sharply (Fig. 7.6B) but the other four entropy productions 
all drop to zero (Fig. 7.6 C, D).The divergence is clearer when the sum of the first two 
entropy productions and the sum of the other four are plotted along the trace of D 
optimization (Fig. 7.6 E).  
     Zero total entropy production for any of the six transitions renders the motor’s speed 
zero. Sij =0 means no net transition flux toward forward direction along the ij 
transition, namely Jij - Jji =0. Because the predominant cycle is branchless, zero net 
forward flux at any transition results in zero cycle flux. The speed drop upon D  1is 
due to vanishing four entropy productions when the other two (ΔS1,2 and ΔS4,1) exhaust 
the injected energy. Therefore, the speed drop close to perfect directionality is a 
consequence of entropy crisis. 
     The correlation between the four entropy productions and the speed becomes clear 
when the sum of the four entropy productions is plotted against the speed along the trace 
of optimization (Fig. 7.6 F). When the summed entropy productions increase linearly 
from 2 kB to 3 kB, the speed increases exponentially by more than two orders of 
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magnitude. When the summed entropy productions further increase, the speed increases 
too but by a drastically reduced pace.   
 
7.3.7 Load dependence of operational rates for motors of universal optimality 
The load-dependent optimization leading to the universal optimality, though improving 
motor performance marginally, yields a notable feature of load dependence for the 
operational rates. The optimal shortening and lengthening rates both exhibit roughly an 
exponential decay with increasing load (kop  exp(-F·op/kBT). The value of op is ~ 3 nm 
for F < 2 pN and ~ 1.2 nm for 2 pN< F < 5 pN before a sharp drop close to the stall force 
(6 pN) (Fig. 7.6 F). The average op is ~ one third of the step size (7 nm) for the 
shortening and lengthening rates. 
      Interestingly, a similar feature is possessed by biomotor kinesin that is a motor of 
universal optimality [109] too. Since this biomotor is driven by a chemical fuel, the 
diffusive binding and catalyzed reaction of the fuel molecule may be regarded as 
operational processes. Indeed, the rates for both processes depend on external load as 
found in kinesin study [104, 110]. When the load is high, the two operational rates for 
kinesin drop roughly exponentially with a op value [104, 110] that is ~ one third of the 
step size.  
 
7.4 Conclusions  
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A case study of nanomotor thermodynamics and optimality has been done using a 
mechanistically rich motor-track system. The results confirmed three general features of 
nanomotor thermodynamics predicted by previous theories, and exposed physical causes 
for these unusual features:   
(1) Directionality, a recently introduced quantity to measure a motor’s performance, 
is solely determined by entropy productions accompanying certain transitions of 
the motor; 
(2)  A motor’s directionality can be optimized simultaneously for different values of 
external load by adjusting parameters associated with the motor’s physical 
construction regardless of external operation. Such a universal optimality can be 
attained by the motor-track system of interest, as signaled by a  factor that is 
stabilized, after application of a two-step optimization, around a half step size 
throughout the pre-stalemate load. 
(3) When a motor’s directionality becomes perfect, its speed becomes infinitely slow. 
Such a speed-directionality tradeoff is caused by an entropy crisis: maximizing 
the directionality maximizes entropy productions of some transitions but 
abolishes those of other speed-limiting transitions for a finite amount of energy 
supply. When the speed-limiting entropy productions gain finite values linearly, 
the motor’s speed recovers exponentially from zero. 
      Besides, another prediction that the directionality of a motor based on a single 
mechanism for direction rectification is capped by one half has been confirmed by 
chapter 6. These results altogether are centered on directionality, indicating that 
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directionality is a meaningful and useful concept to quantify nanomotor thermodynamics 
and optimality. 
 The motor-track system possesses a wealth of inherent mechanisms for direction 
rectification as shown by chapter 6, and selects a single predominant working cycle over 
a wide range of parameters as shown in this study. These features suggest that this motor-
track is a good mode system to study nanomotor rectification, thermodynamics and 
optimality. Future experimental implementation and ensuing mechanistic, 






Conclusions and Perspectives 
Performance of molecular motors depends on their physical mechanisms. The history of 
heat engines suggests that thermodynamics of an engine is related to its performance. 
This thesis studies the thermodynamics and mechanical mechanisms of molecular motors.  
      Energy input of a molecular motor is consumed to support performance in three 
aspects: maintaining a direction of motion, outputting mechanical work and promoting 
speed. The quantitative relations between motors’ performance and their energy 
consumption are studied. First, in an isothermal environment, the 2
nd
 law of 
thermodynamics requires an energy price to turn molecular motors from random 
Brownian motion to directional motion. Otherwise work can be drawn from heat in the 
isothermal environment against the 2
nd
 law. A quantity entitled directionality is 
introduced to quantify direction of motion. The least energy price for directionality is 
derived in a universal equality. Experimental data of fuel-induced and external force-
induced motion of kinesin-1 and F1-ATPase prove the equality. In particular, F1-ATPase 
offers a strict proof for the equality because this motor, with ~ 100% efficiency, has 
virtually no room for energy waste and must follow the least price if it is the least. 
Second, based on the least energy price and the experimental phenomenology of kinesin-
1 and F1-ATPase, the best accessible efficiency of molecular motors allowed by the 2
nd
 
law is derived following the common definition of efficiency. Stall force or maximum 
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energy output is determined by the directionality at zero opposing force, so directionality, 
in parallel to temperature for heat engine, is the key parameter to access the best 
efficiency. Third, maximum efficiency is usually used for evaluating performance of 
molecular motors, but maximum efficiency in its conventional definition does not 
describe performance of a moving motor but a stalemated one. A generalized efficiency 
is defined by counting as energy output not only the mechanical work but also the least 
energy price for directionality. Reported experimental data of kinesin-1 and F1-ATPase 
show a constant generalized efficiency over load, suggesting its relevance to molecular 
motors at any load. A theory is constructed to quantify thermodynamic limits to the 
generalized efficiency and the associated generalized power. Kinesin-1 is found to work 
at the generalized efficiency at maximum generalized power (GEMP), while F1-ATPase 
has an ideal efficiency-speed trade-off that enables the motor to maintain ~ 100% 
efficiency and a workable speed simultaneously. A self-closed equation for GEMP at the 
thermodynamic limit is derived. Solution of the equation forms a stingray-shaped surface, 
which is a universal thermodynamic limit for all molecular motors.  
      In order to understand high-performing motors from biology and develop artificial 
mimics, it is necessary to know the molecular mechanisms by which a motor operates 
close to thermodynamic limits. Pure mechanical mechanisms are studied after the 
thermodynamics study. First, analysis on biological motor Kar3/Vik1 reveals a 
mechanical mechanism, referred as fishing, by which ATP binding to Kar3 consolidates 
Kar3 but effectively dissociates the catalytically inactive Vik1 off MT. When occurring 
at frayed ends of MT, the fishing channels the hydrolysis energy into depolymerization. 
The ATP-driven molecular fishing thus provides a common mechanistic ground for 
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Kar3’s dual functionality of motility and depolymerase. Second, based on the mechanics 
of bio-motor Kar3/Vik1, an artificial motor is designed and a mechanical-kinetic model is 
built. Both of position-selective foot detachment and biased forward binding emerge from 
the motor’s intrinsic mechanics. With either effect, the directionality cannot be more than 
0.5. The model predicts that the directionality of the fishing motor can be very close to 1, 
which implies that the two mechanisms coherently support each other and enhance the 
motor’s performance. Moreover, based on the model, thermodynamics of the motor after 
optimization is studied. The motor’s directionality can be optimized simultaneously for 
any load by adjusting the motor’s physical construction regardless of external driving. 
Such a universal optimality can be attained as signaled by a  factor that is stabilized 
around a half step size. When the motor’s directionality becomes perfect, its speed 
becomes infinitely slow. Such a speed-directionality trade-off is caused by an entropy 
crisis. These features agree with the thermodynamic theories of molecular motors 
described in previous chapters. 
      The mechanical, thermodynamic and optimality studies in this thesis are open to more 
experimental tests and theoretical examinations in the future. For example, to what extent 
bio-motors other than kinesin-1 and F1-ATPase are close to the thermodynamic limits are 
open to future biophysical study. The thermodynamic theories are not only relevant for 
biological motors, but also for artificial systems. The mechanical and optimality studies 
provide guide lines for fabrication of artificial motors. These rationally designed artificial 
systems will serve as perfect model systems to test and further develop the 
thermodynamic theories presented in this thesis. Moreover, at present physical 
mechanisms of molecular motors are studied on thermodynamic level, and in the future 
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studies further on statistical mechanics level, for example to build microscopic model of 
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